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The  relationship  of  the  thyroid  gland  to  metabolism  has  long 
been  recognized  though  little  understood.  The  fact  that  utilization  of 
oxygen  by  the  intact,  hyperthyroid  animal  is  increased  does  not  neces¬ 
sarily  mean  that  every  tissue  is  using  more  oxygen  nor  that  those 
which  do  respond  to  this  stimulation  do  so  at  the  same  rate,  to  the 
same  extent  or  in  the  same  manner.  Techniques  by  which  the  ojdda- 
tive  processes  can  be  studied  in  individual  tissues  have  already  con¬ 
tributed  to  our  knowledge  of  the  mechanics  of  this  relationship.  Some 
contradiction  exists  as  to  the  ability  of  thyroxine  to  exert  its  stimula¬ 
tive  effect  on  isolated,  surviving  tissues,  but  the  bulk  of  the  evidence 
points  to  the  negative  (Haarmann,  1936;  Mansfield  and  Horvath, 
1934;  Bungeler,  1938;  Dresel,  1938).  It  has  been  adequately  shown, 
however,  that  thyroid  treatment  prior  to  the  use  of  the  animal  for 
tissue  respiration  experiments  results  in  an  increased  rate  of  oxidation 
in  certain  tissues  (Dye,  1933;  McEachern,  1935;  Meyer  el  al.,  1933). 
Klein  (1939)  has  even  demonstrated  an  increase  in  the  d-amino  acid 
oxidase  content  of  hyperthyroid  rat  liver  but  reports  no  increase  in 
the  case  of  kidney  although  the  respiration  of  that  tissue  is  increased. 

This  study  was  conducted  to  obtain  a  comparison  of  the  effect  of 
thyroid  treatment  on  the  respiration  of  a  number  of  different  tissues 
and  to  attempt  to  obtain  some  information  as  to  the  mode  of  action 
of  the  thyroid  hormone  in  producing  these  effects. 
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METHODS 

Albino  rats  of  both  sexes  and  varying  age  were  used.  They  were  fed  a 
standard  stock  ration  to  which  they  had  free  access.  The  test  animals  were 
rendered  hyperthyroid  by  either  of  two  means;  namely,  by  injection  of  syn¬ 
thetic,  crystalline  dl-thyroxine  or  by  feeding  desiccated  thyroid,  U.S.P.  In 
the  former  treatment  20  mg.  of  thyroxine  per  kilogram  of  body  weight  was 
injected  subcutaneously  on  each  of  two  successive  days,  the  first  injection 
being  regarded  as  zero  time.  In  the  latter,  1000  mg.  per  kilogram  of  body 
weight  of  desiccated  thyroid  were  fed  every  24  hours  for  a  total  of  three 
doses.  These  animals  were  then  sacrificed  and  studied  48  hrs.  after  the  third 
thyroid  feeding. 

Basal  metabolic  rates  were  determined  by  a  modification  of  Haldane’s 
open  circuit,  gravimetric  method  (1892).  The  rats  were  kept  in  the  metabo¬ 
lism  room  which  was  maintained  at  26°C.  Water  was  available  at  all  times, 
but  the  food  was  withdrawn  from  18-22  hours  prior  to  each  determination. 

Oxygen  consumption  was  determined  by  the  Warburg  method  using  a 
phosphate  buffer  (pH  7.35)  as  described  by  Krebs  (1933).  The  animals  were 
killed  by  a  sudden  blow  on  the  head  followed  by  bleeding  from  the  throat. 
The  tissues  were  either  sliced  by  the  method  of  Deutsch  (1936)  or  minced  in 
the  Latapie  mincer  as  indicated.  Substrates  and  inhibitors  were  studied  at 
concentrations  of  0.02  M  except  as  noted.  Substrates  were  added  from  the 
sidearm  of  the  flask  at  the  beginning  of  the  experiment.  Respiratory  quo¬ 
tients  of  the  isolated  tissues  were  determined  by  the  indirect  method.  In  all 
cases  where  sliced  tissues  were  used,  the  experiment  was  carried  out  in  an 
atmosphere  of  oxygen.  All  results  of  respiration  experiments  are  expressed 
as  QO2  (mm.®  of  Oxygen  per  mg.  dry  weight  per  hour)  and  are  based  on  the 
60  minute  reading. 

RESULTS 

In  four  experiments  in  which  the  conditions  described  by  Haar- 
mann  (1936)  were  duplicated  as  nearly  as  possible,  we  were  unable 
to  observe  any  stimulation  of  respiration  such  as  he  described  when 
thyroxine  was  added  to  rat  kidney,  liver  and  skeletal  muscle  in  vitro 
in  concentrations  ranging  from  10“®“  M  to  10“®  M.  This  observation  is 
in  agreement  with  that  of  Klein  (1939),  McEachern  (1935),  Dresel 
(1938),  and  others. 

The  thyroid  injections  produced  an  average  maximum  increase  in 
basal  metabolic  rate  of  120%.  The  effect  of  these  injections  on  the 
changes  in  respiration  of  the  various  individual  tissues  was  quite 
variable,  however.  Table  1  shows  the  effect  of  thyroid  injections  on 
the  rate  of  oxygen  consumption  of  a  number  of  rat  tissues. 

No  significant  increases  (15-20%)  were  usually  found  in  less  than 
48  hours  following  the  initial  injection.  It  wdll  be  noted  that  liver, 
kidney,  and  diaphragm  all  showed  very  decided  increases  which  are 
illustrated  graphically  in  figure  1,  while  heart  muscle  showed  a  transi¬ 
tory  increase  followed  by  a  depression  of  the  level  of  metaboUsm.  The 
maximum  increase  was  found  to  occur  on  the  fourth  day  in  the  case 
of  the  liver  and  kidney.  Diaphragm  showed  a  maximum  between  the 
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third  and  fourth  days  while  heart  slices  showed  their  only  increase  on 
the  third  day.  By  the  sixth  day  the  increases  w’ere  less  than  20% 
above  the  normal  level  so  the  curves  were  not  followed  further. 

Brain,  spleen  and  testis  showed  no  variations  from  the  normal 
which  could  be  regarded  as  any  other  than  experimental  variation. 
Gerard  (1936),  has  reported  an  increased  metabolism  in  the  hyper¬ 
thyroid  rat  brain,  but  we  observed  no  such  effect.  Spirtes  (1941)  was 
unable  to  find  an  increased  oxygen  consumption  in  hyperthyroid 
guinea  pig  brain. 

Because  of  the  changes  in  the  Q02  of  liver,  kidney  and  diaphragm, 
it  was  decided  to  study  the  effect  of  hyperthyroidism  on  the  R.Q.  of 


TIME  AFTER  INITIAL  INJECTION  (DAYS) 

Fig.  1.  Changes  in  respiration  of  various  tissues  from  rats  injected  on  two 
successive  days  with  20  mg.  of  dl-thyroxine  per  kilo  of  body  weight. 


these  tissues.  Meyer,  McTiernan  and  Aub  (1933)  observed  no  change 
under  these  conditions.  Thyroid  feeding  was  used  to  produce  a  hy¬ 
perthyroid  state  in  this  study.  The  results  are  shown  in  Table  2.  The 
R.Q.  of  liver  tissue  fell  from  0.83  to  0.73  while  that  of  diaphragm 
dropped  from  0.89  to  0.77.  Kidney  R.Q.' increased  from  0.89  to  0.94. 
This  latter  increase  is  suggestive  of  increased  carbohydrate  metabo¬ 
lism  which  is  interesting  since  kidney  tissue  is  known  to  be  well 
equipped  for  utilizing  this  type  of  metabolite.  On  the  other  hand,  the 
fall  in  R.Q.  found  in  diaphragm  and  liver  is  suggestive  of  increased 
burning  of  fat.  It  might  also  be  explained  by  the  partial  oxidation  of 
carbohydrate  to  a  point  just  short  of  the  step  where  carbon  dioxide 
would  be  released. 
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The  manner  in  which  these  changes  are  brought  about  by  the 
desiccated  thyroid  is  unknown.  There  is  known  to  be  a  rapid  depletion 
of  liver  glycogen  following  thyroid  feeding,  and  it  was  thought  that 
this  might  force  the  liver  to  depend  on  fat  to  a  greater  extent  for  its 
source  of  energy  thereby  lowering  the  R.Q.  This  would  therefore  be 
an  indirect  rather  than  a  direct  effect  of  the  thyroxine.  This  was 
shown  not  to  be  the  case  by  the  in  vitro  addition  of  0.2%  glucose  and 
0.2%‘  glycogen  (table  2).  The  glucose  failed  to  prevent  the  drop  in 
R.Q.  observed  with  liver  slices.  A  minced  tissue  was  used  in  studying 
the  effect  of  glycogen  in  order  to  permit  the  free  access  of  respiratory 
enzymes  to  the  glycogen.  Although  the  R.Q.  of  minced  liver  is  much 


Table  2.  Effect  of  thyroid  feeding*  on  the  respiratory 

QUOTIENT  of  RAT  LIVER  AND  DIAPHRAGM 


Tissue 

Substrate 

Normal 

Hyperthyroid 

R.Q. 

No.  of 
animals 

R.Q. 

No.  of 
animals 

Liver  Slice 

None 

0.83 

9 

0.73 

9 

Kidney  Slice 

0.2%  Glucose 

0.89 

8 

0.94 

9 

Diaphragm  Strips 

None 

0.89 

9 

0.77 

15 

Liver  Slice 

0.2%  Glucose 

0.82 

2 

0.72 

2 

Liver  Mince 

None 

0.50 

5 

0.46 

4 

Liver  Mince 

0.2%  Glucose 

0.49 

5 

0.45 

4 

Values  represent  averages  of  duplicates  from  the  number  of  animals  indicated. 

*  1  gm.  of  desiccated  thyroid  per  kilo  of  body  weight  per  day  was  fed  for  three 
successive  days. 


lower  than  for  slices,  approximately  the  same  relationship  existed 
both  with  and  without  glycogen  as  in  the  case  of  slices.  The  data 
would  indicate  that  the  fall  in  R.Q.  (at  least  in  liver  tissue)  is  not  due 
to  a  lack  of  glycogen  stores. 

In  an  effort  to  find  a  point  in  the  respiratory  mechanism  at  which 
the  thyroid  may  act,  it  was  next  decided  to  study  the  effect  of  various 
inhibitors  and  substrates  on  the  oxygen  uptake  of  these  tissues  (tables 
3  and  4). 

Sodium  fluoride  resulted  in  the  same  percentage  decrease  in  Q02  of 
both  normal  and  hyperthyroid  liver  slices  which  indicates  that  the 
increase  in  Q02  of  the  hyperthyroid  tissue  is  due  to  a  general  increase 
in  fluoride  sensitive  and  non-sensitive  systems.  In  the  former  group 
are  included  lactic,  succinic  and  glycerophosphoric  dehydrogenases. 
Cyanide,  which  inhibits  the  oxidation  of  substrates  involving  the  cy¬ 
tochrome  system  and  heavy  metal  catalysts,  also  produced  equal  per¬ 
centage  decreases.  When  succinate  was  added  to  the  various  tissues, 
the  Qo2’s  increased  to  practically  the  same  extent,  which  is  entirely 
consistent  with  the  effects  of  the  above  inhibitors,  in  that  it  does  not 
eliminate  the  possibility  that  other  systems  are  augmented  in  the 
hyperthyroid  tissues.  On  the  other  hand,  malonate  inhibition  pro- 
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duced  equal  Qo2’s  in  both  normal  and  hyperthyroid  liver.  This  can 
be  explained,  in  view  of  the  general  belief  that  malonate  specifically 
inhibits  succinate  oxidation,  only  on  the  basis  that  the  complete  in¬ 
crease  in  h3q)erthyroid  Q02  is  due  to  augmented  succinate  utilization. 
This  explanation  is  in  disagreement  with  the  results  of  the  fluoride  and 


Table  3.  Inhibition  of  the  respiration  of  normal  and  hyperthyroid* 

RAT  TISSUE  slices  BY  VARIOUS  SUBSTANCES* 


Tissue 

0.02M  Inhibitor 

mm 

%  Difference 

N 

H 

Liver 

None 

7.7 

8.3 

_ 

_ 

Liver 

NaF 

4.9 

5.4 

-36.4 

-35.0 

Liver 

Malonate 

6.2 

6.2 

-19.5 

-25.3 

Liver 

Pyrophosphate 

5.3 

5.4 

-31.2 

-35.0 

Liver 

None 

7.2 

8.3 

_ 

_ 

Liver 

NaCN 

4.5 

5.3 

-37.5 

-36.1 

Diaphragm 

None 

5.6 

6.7 

_ 

_ 

Diaphragm 

NaF 

4.5 

6.1  ■ 

-19.6 

-  9.0 

Diaphragm 

Pyrophosphate 

5.8 

8.0 

3.6 

19.4 

Diaphragm 

None 

5.2 

_ 

— 

Diaphragm 

NaCN 

3.1 

-40.4 

-55.2 

Diaphragm 

Malonate 

5.1 

-  1.9 

-23.0 

*  Hyperthyroidism  was  produced  by  feeding  1  gm.  of  desiccated  thyroid  U.S.P. 
per  kilo  of  body  weight  per  day  for  three  days. 

*  Results  from  3-6  animals. 


cyanide  inhibition  experiments.  For  if  the  increased  oxygen  consump¬ 
tion  were  due  entirely  to  increased  succinate  oxidation,  fluoride  and 
cyanide  should  have  produced  equal  Qo2’s  in  both  the  normal  and 
hyperthyroid  liver.  It  suggests  the  possibility  that  malonate  acts  on 
some  enzyme  other  than  succinic  dehydrogenase.  Such  an  enzyme  nor¬ 
mally  might  be  responsible  for  such  a  small  portion  of  the  liver  oxida¬ 
tion  that  its  inhibition  by  malonate  would  be  undetectable.  How'ever, 
in  hyperthyroid  hver  tissue  it  might  be  an  appreciable  factor  and, 
therefore,  recognizable.  The  suggestion  that  malonate  inhibition  is 
not  entirely  specific  for  succinate  has  been  previously  made  by  Weil- 
Malherbe  (1937)  and  by  Baumann  and  Stare  (1940).  Further  inves¬ 
tigation  is  needed  to  clear  up  this  point. 

The  addition  of  malate  caused  a  greater  increase  in  the  normal 
liver  respiration  than  in  the  hyperthyro^d  tissue,  indicating  that  hy¬ 
perthyroidism  does  enable  the  liver  to  burn  more  malate  but  that  a 
portion  of  the  no-substrate  oxidation  is  due  to  malate  which  is  in 
accord  with  the  above  results.  Citrate  caused  the  same  response,  but 
the  differences  are  of  doubtful  significance  as  is  also  the  case  in  the 
experiments  with  fumarate.  There  was  no  significant  difference  in  the 
inhibition  by  pyrophosphate. 

Malonate  caused  a  very  marked  inhibition  in  the  respiration  of 
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hyperthyroid  rat  diaphragm  and  no  change  in  the  normal  tissue.  We 
would  conclude  from  this,  together  with  the  fact  that  the  hyperthy¬ 
roid  Q02  was  still  elevated,  that  a  large  part,  but  not  all,  of  the  extra 
oxidation  under  the  influence  of  thyroid  is  due  to  succinate  consump¬ 
tion.  Experiments  in  w  hich  succinate  was  added  to  this  tissue  confirm 
this.  The  results  with  cyanide  indicate  that  most  of  the  increase  in¬ 
volves  the  cytochrome  system. 

Pyrophosphate  increased  rather  than  inhibited  the  oxygen  uptake 


Table  4.  Respiration  op  normal  and  hyperthyroid’  rat  tissue 

SLICES  IN  THE  PRESENCE  OF  VARIOUS  SUBSTRATES* 


Tissue 

0.02  M 
Substrate 

Qo, 

%  Difference 

N 

H 

N 

H 

Liver 

None 

6.6 

8.1 

_ 

_ 

Liver 

Succinate 

10.5 

12.4 

59.0 

53.1 

Liver 

Citrate 

7.3 

8.7 

10.6 

7.4 

Liver 

None 

7.0 

8.1 

_ 

_ 

Liver 

Malate 

8.7 

9.5 

24.3 

17.3 

Liver 

Fumarate 

7.6 

9.0 

8.6 

11.1 

Kidney 

None 

27.2 

33.5 

_ 

_ 

Kidney 

Succinate 

46.6 

45.0 

71.1 

34.4 

Kidney 

Fumarate 

31.4 

37.6 

15.4 

12.6 

Kidney 

None 

27.4 

33.4 

_ 

_ 

Kidney 

Malate 

30.5 

35.9 

11.3 

7.5 

Kidney 

Citrate 

33.4 

38.4 

22.0 

15.0 

Diaphragm 

None 

6.1 

7.6 

_ 

— 

Diaphragm 

Succinate 

8.2 

8.1 

34.4 

6.6 

Diaphragm 

None 

5.9 

7.2 

_ 

— . 

Diaphragm 

Fumarate 

6.2 

7.8 

5.9 

8.4 

*  Hyperthyroidism  was  produced  by  feeding  1  gm.  of  desiccated  thyroid  U.S.P. 
per  kilo  of  body  weight  per  day  for  three  days. 

*  Results  from  2^6  animals. 


of  both  normal  and  hyperthyroid  diaphragm.  This  was  observed  in 
two  of  four  normal  samples  and  in  all  four  hyperthyroid  diaphragms. 
The  explanation  is  not  forthcoming.  The  effects  of  fumarate  and 
citrate  were  not  significant,  and  those  of  malate  and  fluoride  were  too 
variable  to  permit  drawing  conclusions. 

The  addition  of  succinate  to  normal  and  hyperthyroid  kidney 
slices  resulted  in  the  same  value.  Citrate  oxidation  was  increased  in 
kidney.  Fumarate  and  malate  produced  results  of  doubtful  sig¬ 
nificance. 

DISCUSSION 

The  fundamental  question  of  how  the  thyroid  brings  about  the 
characteristic  changes  in  metabolism  remains  unanswered.  However, 
this  study  tends  to  show  that  the  hormone  does  not  enter  directly  into 
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the  oxidative  enzyme  system  as  a  true  oxidative  catalyst,  because  if 
such  were  the  case,  there  would  be  a  greater  uniformity  of  effects 
among  the  various  tissues.  It  may,  very  likely,  stimulate  the  synthesis 
of  various  respiratory  enzymes  in  view  of  the  latent  period  following 
thyroid  administration,  or  perhaps  it  renders  certain  substrates  or 
enzymes  available  in  higher  concentrations. 

Although  the  results  of  early  metabolic  studies  on  nitrogen  excre¬ 
tion  in  hypo-  and  hyperthyroid  animals  led  to  the  conclusion  that 
there  was  no  particular  preferential  utilization  of  food  in  the  intact 
animal,  the  picture  now  does  not  seem  quite  so  simple.  For  instance, 
this  study  has  shown  that  the  R.Q.  of  liver  and  diaphragm  shifted 
toward  the  value  indicative  of  the  use  of  fat  for  fuel  when  the  animal 
was  rendered  hyperthyroid.  If  it  were  merely  a  question  of  supply  and 
demand,  the  addition  of  glucose  or  glycogen  should  have  shifted  the 
R.Q.  in  the  opposite  direction.  This  did  not  happen.  Likewise,  each 
respiratory  inhibitor  should  have  produced  the  same  percentage  de¬ 
crease  in  h3q)erthyroid  as  in  the  normal  tissue.  Again  this  was  not  the 
case.  It  would  seem  then  that  the  ability  of  individual  tissues  to  use 
a  particular  type  of  substrate  is  affected  but  that  provision  is  made  so 
as  to  provide  the  animal  as  a  whole  with  a  means  of  meeting  the  en¬ 
ergy  requirements  with  whatever  fuel  is  available. 

SUMMARY 

A  study  of  the  effects  of  thyroid  administration  on  the  oxygen  con¬ 
sumption  of  albino  rat  tissues  showed  significant  increases  in  liver, 
kidney,  diaphragm  and  heart.  No  effect  was  observed  with  spleen, 
brain  or  testis.  Each  tissue  showed  a  different,  but  characteristic, 
rate  and  extent  of  change.  Decreases  in  R.Q.  even  in  the  presence  of 
glucose  and  glycogen  were  noted  for  hyperthyroid  liver  and  dia¬ 
phragm.  Kidney  R.Q.  was  increased.  By  means  of  substrates  and 
inhibitors,  it  was  found  that  thyroid  activity  alters  the  ability  of  these 
tissues  to  utilize  certain  metabolites. 
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THE  DIABETOGENIC  EFFECT  OF  DIETIIYL- 
STILBESTROL  IN  ADRENALECTOMIZED- 
HYPOPHYSECTOMIZED-PARTIALLY 
DEPANCREATIZED  RATS 

DWIGHT  J.  INGLE 
Research  Laboratories,  The  Upjohn  Company 

KALAMAZOO,  MICHIGAN 

The  DIABETOGENIC  effect  of  diethylstilbestrol  has  been  demon¬ 
strated  in  partially  depancreatized  and  normal  rats  (Ingle,  1941)  and 
in  partially  depancreatized-adrenalectomized  rats  treated  with  sub- 
diabetogenic  amounts  of  adrenal  cortical  extract  (Ingle,  1943).  The 
present  study  was  carried  out  to  test  the  hypothesis  that  the  diabeto¬ 
genic  activity  of  diethylstilbestrol  may  be  mediated  through  the  an¬ 
terior  pituitary  or  the  adrenal  and  pituitary  glands  together.  It  was 
found  that  diethylstilbestrol  has  some  diabetogenic  effect  which  is 
not  mediated  by  either  the  pituitary  or  the  adrenal. glands  but  that 
its  effect  is  less  marked  than  in  animals  having  these  two  glands 
intact. 

METHODS 

Considerable  difficulty  was  encountered  in  obtaining  an  anterior  pitui¬ 
tary  extract  which  was  low  in  toxicity  and  which  would  maintain  hypophy- 
sectomized-partially  depancreatized  rats  which  were  force-fed  twice  daily.  A 
number  of  commercial  preparations  as  well  as  alkaline  and  saline  extracts 
prepared  by  standard  procedures  in  this  laboratory  were  tested.  Although 
most  of  these  extracts  were  capable  of  sustaining  growth  in  hypophysecto- 
mized  rats  they  failed  to  maintain  either  hypophysectomized-partially  de¬ 
pancreatized  rats  or  hypophysectomized-adrenalectomized-partially  de¬ 
pancreatized  rats  during  twice-daily  force-feeding  and  diethylstilbestrol 
administration.  The  following  modified  procedure  for  the  preparation  of 
saline  extracts  of  anterior  pituitary  glands  has  proven  satisfactory.  Such 
extracts  were  consistently  potent  and  of  low  toxicity.  The  procedure  embod¬ 
ies  certain  suggestions  given  to  me  by  Dr.  C.  N.  H.  Long,  Yale  University, 
together  with  minor  modifications  of  my  own.  Anterior  pituitary  glands  were 
dissected  from  the  posterior  lobes  within  an  hour  after  the  beef  was  killed. 
The  glands  were  immediately  frozen  aijd  shipped  to  our  laboratories.  The 
frozen  glands  were  placed  in  a  chilled  Warring  mixer  and  a  cold  solution  of 
0.9  per  cent  sodium  chloride  was  added  in  the  proportion  of  100  cc.  per  15 
grams  of  gland.  The  glands  were  extracted  in  the  high  speed  mixer  for  five 
minutes.  The  solids  of  the  extract  were  reduced  by  centrifugation  in  chilled 
cups.  The  extract  was  again  frozen  and  thawed  and  centrifugation  repeated. 
The  final  extract  was  a  light  pink  in  color  and  was  free  from  suspended 
material.  It  was  suitable  for  either  subcutaneous  or  intraperitoneal  injection. 
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Hypophysectomized  rats  treated  with  1  cc.  daily  showed  normal  growth  and 
good,  although  subnormal,  resistance  to  stress.  The  gonads  and  thyroid 
glands  were  well  maintained  but  the  adrenal  cortex  showed  only  partial 
repair.  The  extract  was  kept  frozen  in  5  cc.  vials.  A  new  vial  was  taken  for 
each  day’s  injections  and  any  remaining  solution  was  discarded.  A  fresh 
batch  of  extract  was  prepared  every  two  w'eeks.  The  frozen  extract  is  prob¬ 
ably  stable  for  much  longer  periods  of  time  but  this  question  was  not  in¬ 
vestigated. 

The  adrenal  cortical  extract  was  made  up  in  0.9  per  cent  sodium  chloride 
solution  and  represented  40  grams  of  beef  adrenal  glands  per  cubic  centi¬ 
meter.  The  solution  contained  no  alcohol. 

Male  rats  of  the  Sprague-Dawley  strain  were  used.  Partial  pancreatec¬ 
tomy  was  carried  out  at  a  body-weight  of  200  to  225  grams.  The  technique 
used  in  earlier  studies  (Ingle  and  Griffith,  1942)  was  modified  according  to 
Richter  and  Schmidt  (1939)  so  that  the  pancreas  lying  within  the  duodenal 
loop  was  removed  by  suction  through  a  small  pipette.  Hypophysectomy  was 
carried  out  after  the  animals  had  reached  a  weight  of  225  to  250  grams.  The 
technique  used  for  hypophysectomy  has  been  described  (Ingle  and  Griffith, 
1942).  Following  hypophysectomy  the  animals  were  treated  with  1  cc.  daily 
of  anterior  pituitary  extract  administered  by  intraperitoneal  injection. 

Ten  days  following  hypophysectomy  the  stock  diet  of  Purina  dog  chow 
was  withdrawn.  The  animals  were  placed  in  metabolism  cages  and  main¬ 
tained  on  a  fluid  diet  administered  by  stomach  tube  each  morning  (8:30 
to  9:00  A.M.)  and  late  afternoon  (4:30  to  5:00  p.m.).  The  technique  of  force- 
feeding  and  the  diet  used  w'ere  modifications  of  the  methods  described  by 
Reinecke,  Ball  and  Samuels  (1939).  The  diet  was  made  up  according  to  the 
table  below.  During  the  period  of  adaptation  to  force-feeding  the  diet  was 
administered  in  small  amounts  to  prevent  the  development  of  “food  shock.” 
The  animals  were  brought  to  a  full  feeding  on  the  eighth  day.  Each  rat 
received  26  cc.  of  diet  per  day.  This  volume  contained  approximately  5.0 
grams  of  available  carbohydrate. 

Twelve  days  following  the  beginning  of  force-feeding  the  adrenal  glands 
were  removed.  The  technique  used  in  adrenalectomy  has  been  described 
(Ingle  and  Griffith,  1942).  Following  adrenalectomy  the  animals  were  treated 
with  1  cc.  of  anterior  pituitary  extract  daily  and  3.0  cc.  of  adrenal  cortical 
extract  daily. 

The  diethylstilbestrol  was  dissolved  in  sesame  oil  (1.0  mg.  per  cc.)  and 
doses  of  0.1  mg.  were  administered  once  daily. 

Twenty-four-hour  specimens  of  urine  were  collected  at  the  same  hour 
each  day  (8:15  to  8:30  a.m.)  and  preserved  with  thymol.  The  determination 
of  urinary  glucose  was  carried  out  according  to  the  method  of  Benedict 
(1911)  and  thit  of  blood  glucose  by  the  method  of  Miller  and  Van  Slyke 
(1936). 

Diet 


Constituent 

Amount 

Cellu  Flour  (Chicago  Dietetic  Supply) 

120  gm. 

Osborne  &  Mendel  Salt  Mixture 

40  gm. 

Wheat  Germ  Oil 

10  cc. 

Mazola  Oil 

175  cc. 

Cod  Liver  Oil 

10  cc. 

Dried  Yeast  (Fleischmann) 

100  gm. 

Whole  Milk  Powder  (Merrell-Soule) 

600  gm. 

Water  to  make  total  volume  of 

2000  cc. 
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Fia.  1.  The  Diabetogenic  Effect  of  Diethylstilbestrol  in  Two  Hypophysectomized- 
partially  Depancreatized  Rats  Maintained  on  1  cc.  Daily  of  Anterior  Pituitary  Extract. 
AP  =  anterior  pituitary  extract,  1  cc.  daily. 

S  =  diethylstilbestrol,  0.1  mgm.  daily. 


EXPERIMENTS  AND  RESULTS 

Experiment  1  (figure  1)  was  a  study  of  the  effect  of  diethylstilbes¬ 
trol  in  two  hypophysectomized-partially  depancreatized  rats  main- 
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tained  on  1  cc.  daily  of  anterior  pituitary  extract.  Both  rats  were  free 
from  glycosuria  during  a  control  period  of  ten  days  following  the  be¬ 
ginning  of  full  feedings  of  diet  (see  methods).  Each  rat  was  given  0.1 
mg.  daily  of  diethylstilbestrol  for  four  days.  Each  rat  developed  gly¬ 
cosuria.  When  the  injections  of  diethylstilbestrol  were  withdrawn  the 
glycosuria  of  rat  404  disappeared  and  the  glycosuria  of  rat  206  was 
decreased.  After  a  control  period  of  ten  days  a  second  series  of  di- 


Fig.  2.  The  Diabetogenic  Effect  of  Diethylstilbestrol  in  12  Adrenalectomized- 
Hypophysectomized-partially  Depancreatized  B^ts  Maintained  on  1  cc.  of  Anterior 
Pituitary  Extract  and  3  cc.  of  Adrenal  Cortex  Extract  Daily. 


ethylstilbestrol  injections  were  begun.  The  glycosuria  reappeared  in 
rat  404  and  the  animal  died.  The  glycosuria  was  intensified  in  rat  206 
and  the  animal  died.  The  accompanying  weight  curves  show  that  a 
good  rate  of  growth  was  sustained  in  these  hypophysectomized  rats. 

Experiment  2  (figure  2)  was  a  study  of  the  diabetogenic  effect  of 
diethylstilbestrol  in  twelve  adrenalectomized-hj^iophysectomized- 
partially  depancreatized  rats  which  were  maintained  on  adrenal  cor¬ 
tical  and  anterior  pituitary  extracts.  These  animals  were  free  from 
spontaneous  glycosuria  during  the  control  periods.  The  control  periods 
following  adrenalectomy  and  prior  to  beginning  the  adinini'^trj^tjon  of 
diethylstilbestrol  were  varied  in  length  so  that  four  'ate  bad  a  control 
period  of  ten  days,  four  rats  a  control  period  of  fourteen  days  and 
four  rats  a  control  period  of  twenty-one  days.  I'lie  object  of  this 
change  was  to  determine  whether  the  onset  ol  giycosmia  was  related 
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to  the  duration  of  diethylstilbestrol  injections  or  to  the  length  of 
the  control  period.  The  results  show  that  regardless  of  the  length 
of  the  control  period  the  onset  of  glycosuria  followed  the  beginning  of 
diethylstilbestrol  injections  by  three  to  five  days  in  all  cases.  All  of  the 
animals  died  following  the  onset  of  the  diabetic  state. 


DAYS 

Fig.  3.  The  Diabetogenic  Effect  of  Diethylstilbestrol  in  4  Adrenalectomized- 
Hypophysectomized-partially  Depancreatized  Rats  Having  a  Mild  Spontaneous  Gly¬ 
cosuria  While  Maintained  on  1  cc.  of  Anterior  Pituitary  Extract  and  3  cc.  of  Adrenal 
Cortex  Extract  Daily. 

AP  =  anterior  pituitary  extract,  1  cc.  daily. 

ACE  =  adrenal  cortex  extract,  3  cc.  daily. 

S  =  diethylstilbestrol,  0.1  mgm.  daily. 

X>=  succumbed. 

Prior  to  the  administration  of  diethylstilbestrol  the  values  for 
blood  glucose  were  found  to  be  within  normal  limits.  Following  the 
development  of  glycosuria  the  values  for  blood  sugar  were  increased 
to  levels  characteristic  of  pancreatic  diabetes.  At  the  time  these  ani¬ 
mals  developed  “diabetic  shock"  and  were  near  death  the  values  for 
blood  sugar  were  frequently  within  the  range  of  700  to  1000  mg.  per 
cent.  This  can  be  explained  as  due  to  the  anuria  which  accompanied 
the  shock  state. 

The  growth  curves  prior  to  the  administration  of  diethylstilbestrol 
were  similar  to  those  of  the  animals  shown  in  figure  1  (Experiment  I). 
Following  the  onset  of  glycosuria  the  weight  gains  were  suppressed 
and  the  animals  usually  lost  weight  prior  to  death. 

Experiment  3  (figure  3)  was  a  study  of  the  diabetogenic  effect  of 
diethylstilbestrol  in  four  adrenalectomized-hypophysectomized-par- 
tially  depancreatized  rats  having  a  mild  spontaneous  glycosuria. 
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Following  adrenalectomy  the  animals  were  observed  during  a  control 
period  of  ten  days.  When  diethylstilbestrol  was  administered  there 
was  a  marked  increase  in  the  urinary  excretion  of  glucose  in  each  case. 
All  of  the  animals  died. 

Experiment  4  (figure  4)  was  a  study  of  six  adrenalectomized- 
hypophysectomized-partially  depancreatized  rats  having  a  moderate 
or  severe  spontaneous  glycosuria.  Each  of  these  animals  had  been  sub¬ 
jected  to  a  nearly  complete  removal  of  the  pancreas.  Following  ad- 


5  10  15  20  25  30  55  40 

DAYS 

Fig.  4.  Failure  of  Diethylstilbestrol  to  Intensify  Moderate  or  Severe  Spontaneous 


Glycosuria  in  6  Adrenalectomized-Hypophysectomized-partially  Depancreatized  Rats 
Maintained  on  1  cc.  of  Anterior  Pituitary  Extract  and  3  cc.  of  Adrenal  Cortex  Extract 
Daily. 

AP  =  anterior  pituitary  extract,  1  cc.  daily. 

ACE  =  adrenal  cortex  extract,  3  cc.  daily. 

S  =  diethylstilbestrol,  0.1  mgm.  daily. 

X  =  succumbed. 

renalectomy  each  rat  was  observed  during  a  ten-day  control  period. 
Diethylstilbestrol  was  administered  for  seven  days  during  which  three 
of  the  rats  died.  Following  a  second  control  period  of  ten  days  di¬ 
ethylstilbestrol  was  again  administered  to  the  remaining  three  ani¬ 
mals  for  seven  days.  All  of  the  rats  died.  There  was  no  clear  evidence 
that  the  diabetes  was  exacerbated  by  diethylstilbestrol  in  any  of  the 
animals  used  in  this  experiment. 

DISCUSSION 

The  results  of  Experiments  1,  2  and  3  show  that  diethylstilbestrol 
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exerts  some  effect  upon  the  carbohydrate  metabolism  of  the  rat  which 
is  not  mediated  by  an  increased  secretory  activity  of  either  the  ad-  . 
renal  cortex  or  the  anterior  pituitary.  The  presence  of  the  hormones  of 
these  glands  is  required  for  the  manifestation  of  the  diabetogenic 
effect.  The  reason  for  the  failure  of  diethylstilbestrol  to  intensify 
moderate  or  severe  spontaneous  glycosuria  as  in  Experiment  4  (figure 
4)  is  not  known. 

It  is  possible  that  some  but  not  all  of  the  diabetogenic  effect  of 
diethylstilbestrol  is  mediated  by  either  the  anterior  pituitary  or  the 
adrenal  cortex  or  both  in  partially  depancreatized  rats  having  the 
adrenal  and  pituitary  glands  intact.  The  effect  was  not  as  marked  in 
these  experiments  as  has  been  noted  (Ingle,  1941)  in  similar  animals 
possessing  their  adrenal  and  pituitary  glands.  But  it  is  also  possible 
that  the  only  relationship  of  the  hormones  of  the  adrenal  and  pituitary 
glands  to  diethylstilbestrol  diabetes  is  their  essentiality  in  maintaining 
the  functional  normality  of  those  mechanisms  involved  in  the  me¬ 
tabolism  of  carbohydrate.  Although  the  substitution  therapy  given 
these  animals  was  very  effective  it  did  not  maintain  a  normal  state  of 
resistance  as  was  evidenced  by  the  fact  that  the  animals  died  following 
the  administration  of  diethylstilbestrol.  Similarly,  the  treatment  of 
hypophysectomized  rats  has  a  markedly  favorable  effect  upon  the 
ability  of  such  rats  to  work  but  it  does  not  restore  work  performance 
to  normal  (Ingle,  Moon  and  Evans,  1938).  When  the  substitution 
therapy  fails  to  restore  complete  normality  it  can  be  reasoned  that 
such  is  the  cause  of  the  lessened  response  to  diethylstilbestrol. 

Many  investigators  of  endocrine  deficiencies  and  excesses  do  not 
regard  changes  from  normal  as  “secondary”  in  nature  unless  the  ex¬ 
perimental  animal  is  approaching  death.  It  is  the  opinion  of  the  writer 
that  the  question  of  “primary”  and  “secondary”  changes  always  exists 
when  important  physiologic  changes  follow  the  removal  of  an  endo¬ 
crine  organ  or  the  administration  of  its  hormones.  It  seems  improbable 
that  an  important  physiologic  effect  of  a  hormone  could  occur  without 
the  effect  in  turn  becoming  the  cause  of  changes  secondary  to  the 
chemical  reactions  into  which  the  hormone  itself  enters.  From  this 
standpoint  the  apparent  clinical  condition  of  the  experimental  animal 
is  not  a  valid  criterion  for  designating  a  physiologic  change  as  “pri¬ 
mary”  or  “secondary.” 

It  is  w^ell  known  that  the  administration  of  diethylstilbestrol  to  . 
the  normal  rat  is  followed  by  adrenal  cortical  hypertrophy.  It  is  prob¬ 
able  that  there  is  an  accompanying  increase  in  the  secretory  activity 
of  the  cortex.  Would  not  an  increase  in  the  secretion  of  cortical  hor¬ 
mones  have  an  effect  upon  carbohydrate  metabolism?  This  question 
has  been  raised  and  discussed  elsewhere  (Ingle,  1943).  Ingle  (1941, 
1943)  has  studied  the  effect  of  subjecting  partially  depancreatized 
rats  to  stress  and  damaging  agents  which  caused  cortical  hypertrophy 
on  the  assumption  that  an  increased  secretion  of  cortical  hormones 
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might  intensify  the  diabetic  state  just  as  will  the  injection  of  these 
hormones.  The  results  have  been  consistently  negative.  The  increased 
secretion  of  hormones  accompanying  cortical  hypertrophy  may  only 
suffice  tu  meet  an  increased  physiologic  need  and  may  not  be  compara¬ 
ble  to  overdosage  by  injection.  The  effect  would  be  to  maintain 
homeostasis  rather  than  to  disturb  it.  Therefore,  the  adrenal  cortical 
hypertrophy  which  follows  the  administration  of  diethylstilbestrol 
may  be  necessary  for  a  full  manifestation  of  diethylstilbestrol  dia¬ 
betes,  not  because  the  cortical  hormones  are  being  secreted  in  diabeto¬ 
genic  amounts  but  because  increased  amounts  are  essential  to  main¬ 
tain  the  normality  of  processes  involved  in  the  formation  and  utiliza¬ 
tion  of  carbohydrate. 

Diethylstilbestrol  has  also  the  property  of  causing  an  increase  in 
the  liver  glycogen  of  normal  fasting  rats.  Long  (1942)  and  associates 
and  Janes  and  Nelson  (1942)  have  shown  that  this  effect  does  not 
occur  in  either  hypophysectomized  or  adrenalectomized  rats.  They 
agree  to  the  hypothesis  that  in  intact  rats  diethylstilbestrol  stimulates 
the  anterior  pituitary  to  cause  enlargement  and  increased  secretory 
activity  of  the  adrenal  cortex  so  that  the  glycotropic  effect  of  di¬ 
ethylstilbestrol  is  in  reality  an  expression  of  increased  adrenal  cortical 
activity.  The  apparent  lack  of  agreement  between  the  results  and 
conclusions  reached  by  these  investigators  and  the  results  and  con¬ 
clusions  presented  in  this  paper  may  be  due  either  to  differences  in 
the  extent  of  replacement  therapy  given  the  test  animals  or  it  may  be 
that  the  mechanism  by  which  diethylstilbestrol  exerts  a  glycotropic 
effect  is  independent  of  the  mechanism  by  which  it  exerts  a  diabeto¬ 
genic  effect.  The  glycotropic  effect  was  studied  in  fasting  animals  and 
is  thought  to  be  due  to  increased  gluconeogenesis  from  protein.  The 
diabetogenic  effect  was  studied  in  fed  animals  and  involves  inhibition 
of  some  phase  of  carbohydrate  utilization  in  addition  to  an  increase 
in  gluconeogenesis  (Ingle,  1941). 

SUMMARY 

To  test  the  hypothesis  that  the  diabetogenic  activity  of  diethyl¬ 
stilbestrol  may  be  mediated  through  the  anterior  pituitary  or  the 
adrenal  and  pituitary  glands  together,  adrenalectomized-hypophysec- 
tomized-partially  depancreatized  male  rats  were  used  as  test  animals. 
The  animals  were  maintained  on  sub-diabetogenic  amounts  of  adrenal 
cortical  and  anterior  pituitary  extracts.  The  administration  of  di¬ 
ethylstilbestrol  caused  hyperglycemia  and  glycosuria  in  all  of  the  test 
animals  which  were  non-diabetic  during  the  control  periods.  In  those 
cases  where  the  spontaneous  glycosuria  was  mild  it  became  more 
severe  on  the  administration  of  diethylstilbestrol,  however,  when  the 
spontaneous  glycosuria  was  moderate  or  severe  the  administration 
of  diethylstilbestrol  failed  to  intensify  it.  Although  it  was  clearly 
demonstrated  that  diethylstilbestrol  had  some  diabetogenic  effect  in 
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the  rat  which  is  not  mediated  by  either  the  adrenal  or  pituitary  glands, 
its  action  was  less  marked  than  in  similar  animals  having  these  two 
glands  intact. 
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REMOVAL  OF  EXOGENOUS  ESTROGENS 
FROM  THE  CIRCULATION' 

A.  E.  RAKOFF,  A.  CANTAROW,  K.  E.  PASCHKIS,^ 

L.  P.  HANSEN  AND  A.  A.  WALKLING 
From  the  Jefferson  Medical  College  and  Hospital 

PHILADELPHIA,  PENNSYLVANIA 

Studies  reported  previously  from  this  laboratory  have  dealt  with 
the  mechanism  of  removal  of  exogenous  estrogens  from  the  blood 
stream  and  with  the  role  of  the  liver  in  the  intermediary  metabolism 
of  estrogenic  substances  (Cantarow  el  ah,  1942,  1943).  During  the 
course  of  these  studies  it  became  desirable  to  secure  information  re¬ 
garding  the  rate  of  disappearance  of  injected  estrogens  from  the  sys¬ 
temic  circulation  under  normal  conditions  and  in  the  presence  of 
impaired  liver  function. 

MATERIAL  AND  METHODS 

Dog  Experiments 

Estrogens*  were  injected  intravenously  in  1-2  cc.  of  ethyl  alcohol  in  a 
dosage  of  250,000  i.u.  (except  Exp.  4, 120,000  i.u.  and  Exp.  10,  450,000  i.u.). 
Alpha-estradiol  was  used  in  7  instances,  estrone  in  3  and  diethylstilbestrol 
in  1.  Blood  was  collected  before  and  5  or  10  minutes  after,  and  5,  24  and  48 
hours  after  injection.  The  serum  was  assayed  for  free  estrogen  against  a 
standard  solution  of  estrone  by  the  vaginal  response  of  castrated  mice  as 
determined  by  histologic  examination  of  the  vagina  at  72  hours  (Fluhmann, 
1934) ;  3-6  animals  were  used  at  each  of  3  or  more  assay  dosage  levels. 

Experiments  were  performed  with  the  following  animals;  (a)  one  normal 
dog,  (b)  3  dogs  with  external  bile  fistulas  and  normal  liver  function,  (c)  3 
dogs  with  acute  liver  damage  induced  by  CCU  given  by  stomach  tube,  (d) 
in  one  dog  with  chronic  liver  damage  induced  by  CCI4  given  by  stomach  tube 
and  (e)  2  bile-fistula  dogs  with  jaundice  due  in  one  case  to  hepato-cellular 
damage  and  in  the  other  to  biliary  obstruction. 

Human  Experiments 

240,000  I.u.  of  estradiol  benzoate  in  oil  were  injected  intramuscularly  in 
three  normal  adults  (2  men  and  one  woman),  one  castrated  woman,  one 
woman  with  chronic  glomerulonephritis,  3  men  with  cirrhosis  of  the  liver 
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and  2  men  with  acute  hepatitis.  Blood  was  collected  before  and  1,  5  and  24 
hours  after  injection,  and  was  assayed  for  estrogen  as  indicated  above. 

RESULTS 

The  pertinent  data  are  presented  in  tables  1  and  2. 

In  the  normal  dogs,  the  5  hour  values  were  10-44  per  cent  of  the 
5-10-minute  levels  and  no  estrogen  was  demonstrable  at  24  and  48 
hours.  Some  deviation  from  these  findings  occurred  in  all  but  2 
(Exp.  6  and  11)  of  the  animals  with  liver  damage.  In  these  5  dogs, 
estrogen  was  demonstrable  in  the  24-  and  48-hour  specimens,  being 
considerably  higher  in  the  latter  than  in  the  former  in  2  instances 
(Exp.  5  and  7). 

In  the  human  experiments,  the  curves  of  blood  estrogen  in  all  sub¬ 
jects  with  hepatic  disease  differed  from  those  in  the  normal  subjects 
in  that  one  or  more  of  the  values  (1,  5  or  24  hours)  were  abnormally 
high.  In  3  cases  the  5-hour  values  were  100  to  150  per  cent  of  the  one- 
hour  values  as  compared  with  30  to  78  per  cent  in  the  normal  sub¬ 
jects.  Curves  similar  to  those  in  the  normal  subjects  were  obtained 
in  the  oophorectomized  woman  and  in  the  patient  with  chronic 
nephritis. 


DISCUSSION 

It  is  evident  that  estrogenic  activity  disappears  rapidly  from  the 
systemic  circulation  of  normal  dogs  and  humans  following  the  in¬ 
jection  of  alpha-estradiol.  In  5  to  10  minutes  considerably  less  than 
10  per  cent  and  in  5  hours  less  than  2  per  cent  of  the  quantity  admin¬ 
istered  can  be  demonstrated  in  the  free  state  in  the  blood  of  normal 
dogs.  The  lower  concentrations  in  normal  human  subjects  may  be 
attributed  to  the  relatively  smaller  dose  of  estrogen  and  the  more 
prolonged  curve  to  the  intramuscular  route  of  administration.  Esti¬ 
mation  of  conjugated  estrogen  (method  of  Rakoff  et  al.,  1943)  in  several 
instances  revealed  negligible  amounts  of  hormone  in  this  state.  This 
rapid  disappearance  from  the  circulation  has  been  shown  not  to  be 
due  to  inactivation  by  the  blood  (Fee  et  al.,  1929;  Israel  et  al.,  1937) 
nor  to  excretion  in  the  urine  (Smith  and  Smith,  1931;  Zondek,  1934; 
Westerfeld  and  Doisy,  1937 ;  Pincus  and  Zahl,  1937 ;  Dingemanse  and 
Tyslowitz,  1941).  On  the  basis  of  indirect  evidence,  the  disappearance 
of  estrogen  from  the  body  has  been  attributed  to  its  rapid  destruction 
or  inactivation  by  the  liver  (literature  reviewed  by  Cantarow  et  al., 
1942b,  1943b).  Data  reported  previously  from  this  laboratory  (Can¬ 
tarow  et  al.,  1942, 1943)  indicate  that  the  bile  is  an  important  medium 
of  excretion  of  both  exogenous  and  endogenous  estrogen.  The  hy¬ 
pothesis  has  been  suggested  that  circulating  estrogen  is  removed  from 
the  blood  by  the  liver  cells,  is  converted  to  a  substance  possessing  little 
or  no  estrogenic  activity,  is  in  part  stored  temporarily  in  the  liver  in 
this  form  and  is  “reactivated”  during  the  process  of  its  excretion  by 


Table  1.  Free  estrogen  values  in  blood  of  dogs  (normal  and  with  liver  damage)  after  intravenous  injection  of  estrogens 
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the  hepatic  cells.  It  was  also  suggested  that  the  estrogen  may  subse¬ 
quently  undergo  an  enterohepatic  circulation  similar  to  that  of  bile 
acids,  being  perhaps  gradually  destroyed  or  converted  to  a  per¬ 
manently  inactive  substance. 

Enhancement  of  the  effect  of  endogenous  estrogen  and  of  exoge¬ 
nous  estrogens  introduced  into  the  systemic  or  portal  circulations  has 
been  observed  in  animal  and  human  subjects  with  hepatic  damage 
(Talbot,  1939;  Pincus  and  Martin,  1940;  Glass et  al.,  1940;  Biskind  and 


Table  2.  Free  estrogen  in  blood  of  patients  after  i.h.  injection  of 
ESTRADIOL  BENZOATE  (240,000  I.U.) 


Condition 

1  hr.  1 

5  hr.  1 

24  hr. 

Remarks 

I.U. 

per  100  cc. 

Normal  female 

180 

140 

6 

Normal  female 

116 

80 

12 

Normal  male 

120 

80 

16 

Oophorectomized  female 

200 

60 

6 

Female.  Chronic  nephritis 

El 

120 

16 

Urea  clearance,  50% 

Male.  Cirrhosis 

H 

100 

H 

Serum  bilirubin,  2.7  mg.  % 

Urine  estrogen,  132  nin/2i  hrs. 

Male.  Cirrhosis 

WM 

80 

Serum  bilirubin,  4.2  mg.% 

Male.  Cirrhosis 

200 

200 

16 

Serum  bilirubin,  2.0  mg.  % 

Female.  Hepatitis 

200 

330 

16 

Serum  bilirubin,  13.6  mg.  % 
Urine  estrogen,  66  m/i./24  hrs. 

Male.  Hepatitis 

330 

160 

50 

Serum  bilirubin,  0 . 8  mg.  % 
Urine  estrogen,  66  m.u./24  hrs. 

Biskind,  1942;  Biskind  and  Shelesnyak,  1942).  This  phenomenon  was 
attributed  to  a  diminished  capacity  of  the  damaged  liver  cells  for 
inactivating  or  destroying  estrogen.  However,  in  vitro  studies  (Can- 
tarow  et  al.,  1943b)  have  revealed  no  significant  difference  between 
normal  and  damaged  liver  tissue  with  regard  to  inactivation  of  alpha- 
estradiol  and  it  was  pointed  out  that  the  observations  referred  to 
above  may  be  explained  on  the  basis  of  diminished  or  delayed  excretion 
in  the  bile.  The  delayed  removal  of  alpha-estradiol  from  the  blood  of 
animals  and  patients  with  hepatic  damage  may  be  explained  in  the 
same  manner.  It  seems  significant  in  this  connection  that  in  2  dogs 
with  liver  damage  (Exp.  5  and  7),  the  blood  estrogen  level,  after 
having  fallen  to  a  low  level,  rose  considerably  at  24  and  48  hours  in 
one  instance  and  at  48  hours  in  the  other.  Such  a  phenomenon  would 
seem  difficult  to  explain  on  the  basis  of  the  hypothesis  of  diminished 
capacity  for  inactivation;  it  could  be  explained  satisfactorily  by 
assuming  a  diminished  capacity  for  removing  estrogen  from  the 
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portal  blood  after  its  excretion  in  the  bile  and  reabsorption  from  the 
intestine. 

Data  reported  previously  (Cantarow  et  al.,  1943a)  indicate  that 
estrogen  can  be  excreted  in  the  bile  after  absorption  from  the  intes¬ 
tine.  More  recent  observations  (unpublished)  strongly  suggest  that 
an  enterohepatic  circulation  of  estrogen  exists  under  physiological 
conditions.  A  bile-fistula,  duodenal-fistula  dog  was  given  0.1  mg. 
alpha-estradiol  intravenously.  Bile  was  collected  for  fixed,  periods  sub¬ 
sequently,  a  small  portion  was  removed  for' assay  and  the  remainder 
was  instilled  into  the  duodenum.  The  estrogen  excretion  in  the  bile 
was  as  follows,  in  terms  of  percentage  of  the  activity  of  the  quantity 
administered:  first  8  hours,  45.6  per  cent;  next  16  hours,  27  per  cent; 
second  24  hours,  18.7  per  cent;  third  24  hours,  32  per  cent.  It  is  diffi¬ 
cult  to  explain  the  increase  in  estrogen  in  the  bile  during  the  third 
day  on  any  basis  other  than  re-excretion  of  estrogen  absorbed  from 
the  bowel. 

There  is  an  interesting  and  probably  significant  similarity  of  be¬ 
havior  of  exogenous  estrogen  and  bile  acids  with  regard  to  their  re¬ 
moval  from  the  peripheral  blood  stream  and  excretion  in  the  bile. 
When  cholic  acid  is  injected  intravenously  in  normal  subjects,  most 
of  the  injected  material  disappears  from  the  peripheral  circulation 
w'ithin  4  minutes  (Josephson  et  al.,  1938),  the  pre-injection  level  be¬ 
ing  restored  usually  within  an  hour  (Schmidt,  1937;  Lichtman,  1935; 
Bollman  and  Mann,  1936;  Chabrol  et  al.,  1936).  It  enters  the  normal 
enterohepatic  circulation  practically  simultaneously  with  its  disap¬ 
pearance  from  the  peripheral  blood.  If  bile  salts  are  injected  intra¬ 
venously  in  subjects  with  hepatocellular  damage  the  blood  cholate 
curve  is  higher  and  more  prolonged  than  normal  (Chabral  et  al., 
1938;  Bollman  and  Mann,  1936;  Jungner  et  al.,  1938;  Josephson, 
1841);  however,  as  in  the  case  of  estrogen,.the  injected  material  soon 
disappears  from  the  blood  (Josephson,  1941).  The  bile  acid  curves 
are  of  much  shorter  duration  than  the  blood  estrogen  curves  in  both 
normal  subjects  and  in  those  with  liver  damage.  The  rapid  disap¬ 
pearance  of  bile  acids  from  the  peripheral  blood  has  been  shown  to 
be  due  to  removal  by  the  liver  and  subsequent  excretion  in  the  bile, 
not  to  rapid  destruction  in  the  liver  (Chabral  et  al.,  1936b).  These 
facts,  together  with  the  chemical  similarity  of  bile  acids  and  natural 
estrogens  and  the  observations  reported  previously  regarding  biliary 
excretion  and  intestinal  absorption  (Cantarow  et  al.,  1942,  1943), 
support  the  hypothesis  of  an  enterohepatic  circulation  of  estrogen, 
similar  to  that  of  bile  acids. 

SUMMARY 

Estrogenic  activity  disappears  rapidly  from  the  peripheral  blood 
of  normal  dogs  and  humans  after  intravenous  or  intramuscular  in- 
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jection  of  alpha-estradiol.  The  blood  estrogen  curve  is  prolonged  in 
the  presence  of  hepatic  damage. 

The  behavior  of  alpha-estradiol  in  this  respect  closely  resembles 
that  of  bile  acids.  These  observations,  interpreted  in  the  light  of  data 
reported  previously,  lend  support  to  the  hypothesis  of  an  entero- 
hepatic  circulation  of  estrogen,  similar  to  that  of  bile  acids. 
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Much  work  has  been  done  on  estrogen  production  of  the  ovary 
and  the  effects  of  estrogens  upon  the  uterus  since  Knauer’s  (1900) 
and  Halban’s  (1900)  historic  experiments  upon  female  rabbits  and 
guinea  pigs,  respectively,  in  which  they  transplanted  the  ovaries  to 
abnormal  sites  in  the  body.  The  lack  of  conventional  atrophy  of  the 
genital  tract  led  them  to  the  conclusion  that  the  ovary  exerts  its  in¬ 
fluence  upon  the  uterus  via  an  internal  secretion.  The  subsequent 
literature  of  the  next  two  decades  is  reviewed  in  the  early  papers  of 
Loeb  (1917),  Evans  (1922),  Marshall  (1922),  Corner  (1923),  Allen  and 
Doisy  (1927).  These  basic  experimental  investigations  in  rodents  were 
followed  by,  and  later  concurrent  with,  similar  studies  of  the  primate 
uterus  (reviewed  by  Corner,  1939 ;  Allen,  1941 ;  Samuels,  1942 ;  Doisy, 
1942).  In  general,  the  primate  uterus  undergoes  the  same  qualitative 
changes  in  response  to  estrogen  administration  as  is  reported  for  the 
lower  animals;  i.e.,  epithelial  proliferation,  hyperemia,  and  edema. 
Perhaps  the  most  extensive  quantitative  as  well  as  qualitative  study 
of  the  growth  of  the  endometrium  under  normal  or  experimental  in¬ 
fluence  of  estrogens  has  been  made  by  Markee  and  his  associates. 
With  his  new  approach  to  the  problem  of  transplanting  endometrium 
into  the  anterior  chamber  of  the  eye  of  the  guinea  pig  (1932a),  the 
rabbit  (1932b),  and  the  macaque  (1933,  1936,  1938,  1940)  where  it 
may  be  observed  in  living,  unanesthetized  animals,  Markee  has 
furthered  greatly  the  progress  toward  a  more  complete  understanding 
of  the  quantitative  growth  of  the  endometrium. 

The  present  study  is  an  attempt  to  establish  quantitatively  the 
hormone  requirement  for  uterine  maintenance  and  uterine  growth  in 
the  rabbit  by  determining  if  possible:  (1)  the  minimum  amount  of 
estrone  necessary  to  maintain  secondary  sex  tissue  in  the  absence  of 
the  gonads;  (2)  whether  the  maintenance  of  such  tissue  is  due  to  a 
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given  concentration  of  circulating  hormone,  or,  to  the  ratio  between 
the  amount  of  hormone  present  and  the  amount  of  reacting  tissue; 
and  (3)  whether  a  dosage-response  curve  can  be  established. 

MATERIALS  AND  METHODS 

Sixty  adult  female  rabbits  were  completely  or  incompletely  hysterecto¬ 
mized  in  approximately  equal  numbers  and  received  intraocular  endometrial 
implants  after  the  method  of  Benjamin,  Belt,  and  Krichesky  (1940)  modi¬ 
fied  after  the  technique  of  Markee  (1940).  Of  the  240  implants,  181  (75%) 
remained  functional  to  provide  the  data  of  these  experiments. 

After  approximately  3  weeks  were  allowed  for  vascularization  and  physi¬ 
ologic  organization  of  the  transplants,  their  areas  were  determined  over  a 
10  day  period  by  a  photographic  method  developed  in  this  laboratory  and 
described  by  Krichesky  et  al.  (1943a,  b).  The  area  of  each  transplant  was 
determined  by  a  planimeter  from  a  tracing  of  the  projected  negative.*  If 
the  transplant  proved  to  be  stabilized,  the  average  of  the  10-day  period  was 
considered  to  be  100%  for  the  given  transplant,  and  subsequent  changes  in 
area  were  plotted  on  coordinate  paper  in  terms  of  per  cent  area  increase 
or  decrease. 

All  animals  were  castrated  to  avoid  the  enhancing  effect  of  endogenous 
hormone,  and  replacement  therapy  was  begun  immediately.  The  animals 
were  photographed  and  injected  every  other  day  for  a  minimum  of  5  weeks.* 
The  dose  range  of  estrone®  (in  sesame  oil)  used  was:  2.5  i.u./kg.,  10  i.u./kg., 
25  I.u./kg.,  50  i.u./kg.,  100  i.u./kg.,  250  i  u./kg.,  and  500  i.u./kg.  The  hor¬ 
mone  was  diluted  so  that  the  doses  were  contained  in  a  constant  volume  of 
0.1  cc.  The  animals  were  weighed  at  least  once  per  week,  and  all  injections 
were  subcutaneous. 

OBSERVATIONS 

N on-castrated,  untreated  completely  or  incompletely  hysterectomized 
animals:  Six  animals  with  a  total  of  14  transplants  were  employed 
as  controls  before  being  castrated  and  subjected  to  replacement  ther¬ 
apy.  These  were  photographed  over  a  period  ranging  from  34r-68  days 
after  the  stabilization  of  their  transplants.  Daily  fluctuations  in  area 
are  characteristically  irregular  and  without  sustained  growth  (fig.  1). 
The  intraocular  endometrial  transplants  observed  for  as  long  as  68 
days  showed  no  indication  of  cyclic  rhythm.  This  characteristic,  non- 
cyclic,  irregular  fluctuation  in  area  was  observed  in  all  animals  in  this 
group  and  usually  occurred  simultaneously  and  in  the  same  direction 
in  all  transplants  in  a  given  animal  (fig.  2).  Such  fluctuations  in  area 
suggest  systemic  rather  than  specific  changes  in  individual  trans¬ 
plants. 

Castrated  animals  treated  with  2.5 1. U./kg.  of  estrone:  The  15  trans¬ 
plants  in  4  animals  (3  completely  and  1  incompletely  hysterecto- 

*  This  method  proved  to  be  accurate  to  +2%. 

*  All  transplants  were  photographed  at  the  same  time  of  day. 

*  We  wish  to  express  our  appreciation  to  the  Eli  Lilly  and  Co.  for  their  generous 
supply  of  Estrone  used  in  this  study. 
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mized)  were  characterized  by  not  being  maintained  at  a  precastration 
level  (fig.  1).  The  first  48-96  hours  following  castration  saw  a  decrease 
in  transplant  area  of  approximately  5%.  This  was  followed  by  a  slight 
increase  to  maintain  the  area  at  or  slightly  below  the  base  level 
(100%)  for  6-8  days;  then,  the  area  fluctuations  showed  a  downward 
trend,  reaching  an  average  low  point  of  — 14%.  With  the  cessation  of 


Fig.  1.  Changes  in  area  of  intraocular  endometrial  implants  in  adult  female  rabbits. 
The  control  (Animal  J‘’48,  completely  hysterectomized;  average  of  2  implants)  was 
non-castrated  and  untreated.  The  2.5  i.u./kg.  (Animal  J*‘12,  completely  hysterecto¬ 
mized;  average  of  4  implants)  and  5  i.u./kg.  (Animal  incompletely  hysterec¬ 

tomized;  average  of  4  implants)  estrone  treated  animals  w'ere  castrated  and  injected 
every  other  day.  Arrow  pointing  up  indicates  the  day  of  castration  and  beginning  of 
injections ;  arrow  pointing  down,  the  day  injections  were  stopped  in  the  treated  animals. 
The  intraocular  area  of  the  5  i.u./kg.  animal  did  not  regress  as  rapidly  as  that  of  the 
2.5  i.ti./kg.  animal  in  the  same  length  of  time;  however  it  reached  an  average  low  point 
of  —14%  and  levelled  off  in  approximately  4  weeks  post  cessation  of  injections. 

hormone  treatment  the  area  regressed  immediately  to  reach  an  aver¬ 
age  low  point  of  —35%  in  24  days. 

Castrated  animals  treated  with  5  I.U./kg.  of  estrone:  In  contrast  to 
the  initial  decrease  in  area  immediately  following  castration  and  the 
subsequent  non-maintenance  of  the  transplant  area  observed  in  2.5 
I.u./kg.  treated  animals,  the  16  transplants  in  7  animals  (4  com¬ 
pletely  and  3  incompletely  hysterectomized)  injected  with  5  i.u./kg. 
of  estrone  responded  by  an  immediate  increase  in  area  (fig.  1).  Further 
growth  was  characterized  by  the  fluctuations  already  described,  and 
the  transplant  area  reached  an  average  peak  of  +9%  in  approxi¬ 
mately  26  days.  The  average  level  of  growth  maintained  in  this  group. 
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however,  was  approximately  +5%.®  A  gradual,  but  irregular,  de¬ 
crease  in  area  over  a  period  of  32  days  followed  the  cessation  of  hor¬ 
mone  treatment. 

Castrated  animals  treated  with  10  I.U./kg.,  and  50  I.U./kg,  of  es¬ 
trone:  Little  difference  in  response  from  that  observed  in  the  5  i.u./kg. 
group  was  shown  within  these  3  dose  ranges  (fig.  3).  The  distribution 
of  animals  in  these  3  groups  was  as  follows;  (1)  10  i.u./kg.  group;  11 


Days 

Fig.  2.  Change  in  area  of  the  4  intraocular  endometrial  implants  in  an  adult  female 
rabbit  (Animal  incompletely  hysterectomized  and  given  250  i.v./kg.  of  estrone 

every  other  day)  showing  daily  fluctuations  in  area  occur  usually  simultaneously  and 
in  the  same  direction  in  multiple  transplants  in  the  same  animal  prior  to  castration  and 
replacement  therapy,  during  hormone  administration,  and  following  cessation  of  injec¬ 
tions,  even  for  as  long  as  70  days.  The  lower  left  portion  of  figure  is  a  continuation  of 
the  graph  through  150  days  (L.D.,  L.V.,  R.D.,  and  R.V.  indicate  left  dorsal,  left 
ventral,  right  dorsal,  right  ventral  implants,  respectively).  (Arrows  as  designated  in 
Fig.  1.) 

animals  (7  completely  and  4  incompletely  hysterectomized)  with  34 
transplants;  (2)  25  i.u./kg.  group;  7  animals  (3  completely  and  4 
incompletely  hysterectomized)  with  20  transplants;  (3)  50  i.u./kg. 
group;  8  animals  (4  completely  and  4  incompletely  hysterectomized) 
with  23  transplants.  The  average  level  of  growth  of  the  transplants 
maintained  in  each  dose  group  was  +8%,  -1-10%,  -1-12%  respec¬ 
tively  as  compared  with  the  -|-5%  of  the  5  i.u./kg.  group  (fig.  3). 
Decrease  in  area  to  a  castration  level  occurred  following  the  cessation 
of  hormone  administration  in  each  of  these  3  groups. 

Castrated  animals  treated  with  100  I.V./kg.  of  estrone:  This  was 
the  first  group  to  show  a  marked  quantitative  as  well  as  qualitative 

*  The  average  per  cent  increase  in  area  over  the  precastration  level  as  reached  in 
not  more  than  3  weeks  post  castration  and  the  beginning  of  replacement  therapy. 
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difference  in  response  from  that  observed  in  the  5  I.U./kg*  group. 
The  26  transplants  of  the  8  animals  (3  completely  and  5  incompletely 
hysterectomized)  in  this  group  reached  an  average  peak  of  +27%  in 
approximately  35  days  with  an  average  maintenance  level  of  +16%. 
The  increase  in  transplant  area  was  a  gradual  and  steady  rise  (fig.  4) 
in  contrast  to  the  more  irregular  growth  observed  in  the  lower  dose 
groups.  The  maximum  increase  in  this  group  was  +44%  in  one  ani¬ 
mal,  attained  in  42  days.  No  immediate  decrease  in  area  following 


Da  ys 

Fio.  3.  Changes  in  area  of  intraocular  endometrial  implants  in  incompletely  hyster¬ 
ectomized  adult  female  rabbits,  receiving  10  i.u./kg.  (Animal  J*''34;  average  of  3  im¬ 
plants),  25  i.u./kg.  (Animal  J‘'‘53;  average  of  3  implants),  and  50  i.u./kg.  (Animal 
J*'*54;  average  of  2  implants)  of  estrone,  respectively,  every  other  day.  Light  arrow 
pointing  up  indicates  day  of  castration  and  beginning  of  injections;  light  arrow  pointing 
down,  day  injections  were  stopped  in  10  and  25  i.u./kg.  animals;  heavy  arrow  pointing 
down,  day  injections  were  stopped  in  50  i.u./kg.  animal. 


castration  occurred  in  any  of  the  transplants,  as  was  the  case  in  the 
2.5  I.u./kg.  group.  However,  cessation  of  hormone  treatment  resulted 
in  transplant  area  regression  to  considerably  below  the  precastration 
level. 

Castrated  animals  treated  with  250  I.V./kg.  of  estrone:  This  dose 
evoked  a  still  greater  growth  response  in  the  18  transplants  of  the 
7  animals  (4  completely  and  3  incompletely  hysterectomized)  used. 
An  average  peak  of  +32%  was  reached  in  28  days  after  the  beginning 
of  injection.  However,  this  growth  (fig.  4)  was  much  more  irregular, 
short  periods  of  regression  being  interspersed  with  slightly  longer  pe¬ 
riods  of  growth,  than  that  observed  in  the  100  i.u./kg.  group  (fig.  4). 
Perhaps  this  irregular  pattern  of  growth  foreshadows  the  response 
seen  in  the  largest  dose  group  of  this  present  series,  i.e.,  500  i.u./kg. 
of  estrone.  The  average  growth  level  maintained  in  the  250  i.u./kg. 
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group  was  approximately  +24%.  Following  cessation  of  hormone 
treatment,  the  transplant  areas  regressed  below  the  precastration 
.  level. 

Castraied  animals  treated  with  600  I.U./kg.  of  estrone:  Contrary  to 
expectation,  the  response  of  the  29  transplants  observed  in  the  8  ani¬ 
mals  (3  completely  and  5  incompletely  hysterectomized)  was  very 
irregular  and  unpredictable.  Each  animal  differed  in  its  response, 
varying  from  a  ‘negative’  response  to  a  definitely  ‘positive’  one.  More- 
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Fiq.  4.  Changes  in  area  of  intraocular  endometrial  implants  in  adult  female  rabbits, 
receiving  100  i.u./kg.  (Animal  J'‘37,  completely  hysterectomized;  area  represents 
average  of  3  implants)  and  250  i.u./kg.  (Animal  J‘'‘16,  incompletely  hysterectomized; 
area  represents  average  of  4  implants)  of  estrone,  respectively,  every  other  day.  Light 
arrow  pointing  up  indicates  day  of  castration  and  beginning  of  injections;  light  arrow 
pointing  down,  day  injections  were  stopped  in  the  100  t.n./kg.  animal;  heavy  arrow 
pointing  down,  day  injections  were  stopped  in  the  250  i.u./kg.  animal. 

over,  the  individual  transplants  in  a  given  animal  varied  in  their  re¬ 
sponse  to  the  high  dose  as  may  be  seen  in  figure  5  (the  L.D.  trans¬ 
plant  was  not  maintained ;  while  the  R.D.  reached  a  peak  of  +138%). 
Furthermore,  the  fluctuations  in  transplant  area  were  far  greater  than 
those  hitherto  described.  Not  only  did  the  areas  vary  to  a  greater  de¬ 
gree,  oscillating  as  much  as  14  to  18  percent  within  96  hours,  but  the 
fluctuations  also  varied  as  to  direction  in  the  several  transplants  in 
the  same  animal  (fig.  5).  As  pointed  out  previously,  these  daily  ir¬ 
regular  fluctuations  in  area  usually  occurred  simultaneously  and  in 
the  same  direction  in  all  transplants  in  a  given  animal  (fig.  2).  This 
was  not  true  in  the  case  of  the  animals  treated  with  500  i.u./kg.  of 
estrone.  In  spite  of  the  individualistic  behavior  of  the  multiple  trans¬ 
plants  in  a  given  animal,  however,  each  transplant  in  all  animals 
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treated  with  500  i.u./kg.,  whether  showing  a  ‘positive’  or  ‘negative’ 
response,  regressed  immediately  upon  cessation  of  hormone  treat¬ 
ment. 

Vascular  changes  in  intraocular  endometrial  transplants:  Rhythmic 
vascular  changes  were  exhibited  by  an  alternate  blushing  and  blanch¬ 
ing  of  the  transplants.  The  several  transplants  in  a  given  animal  were 
seen  to  possess  independent  rhythms,  varying  from  35-85  seconds  as 
first  reported  by  Markee  (1932a).  Transplants  photographed  at  the 
approximate  height  of  an  extended  series  of  blushes  and  ensuing 


Fig.  5.  Changes  in  area  of  intraocular  endometrial  implants  in  an  incompletely 
hysterectomized  adult  female  rabbit  (Animal  J''*62)  receiving  500  i.u./kg.  of  estrone 
every  other  day,  indicating  the  irregular  and  unpredictable  response  of  the  individual 
transplants  (L.D.,  L.V.,  R.D.,  R.V.  indicate  left  dorsal,  left  ventral,  right  dorsal,  and 
right  ventral  implants  respectively).  (Arrows  as  designated  in  Fig.  1.) 

blanches  showed  that  the  size  of  the  transplant  was  greatest  at  the 
blush  (fig.  6).  The  injection  of  a  single  100  i.u./kg.  dose  of  estrone 
into  a  castrate  which  had  received  no  hormone  for  as  long  as  3  months 
and  whose  transplants  were  very  pale  and  showed  a  markedly  de¬ 
creased  vascular  rhythm  brought  about  a  deepening  of  the  color  and 
an  increased  rate  of  vascular  rhythm  within  20  minutes. 

Diurnal  variations  in  endometrial  intraocular  transplants:  Animals 
selected  for  the  large  size  and  excellent  vascularization  of  their  trans¬ 
plants  were  photographed  consecutively  every  hour  for  24  hours  at 
the  height  of  the  blush  and  at  the  complete  blanch  in  the  vascular 
rhythm.  The  results  (fig.  6)  indicate  that  there  is  a  diurnal  fluctuation 
in  the  area  of  the  transplants  in  the  rabbit.  The  greatest  change  in 
area  occurred  between  the  hours  of  4  p.m.  and  8  p.m.,  the  peak  being 
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reached  between  6  p.m.  and  8  p.m.;  the  area  was  least  in  the  early 
hours  of  the  morning,  between  3  a.m.  and  5  a.m.,  with  another  slight 
regression  occurring  between  2  p.m.  and  4  p.m.  Because  of  these 
diurnal  fluctuations  the  transplants  were  photographed  consistently 
at  one  time  of  day  and  at  the  height  of  the  blush  or  vasodilatation 
phase  of  the  vascular  rhythm. 

DISCUSSION 

The  daily  fluctuations  in  the  area  of  intraocular  endometrial  trans¬ 
plants  described  herein  are  in  general  agreement  with  similar  varia- 


Fia.  6.  Changes  in  area  of  intraocular  endometrial  implants  in  an  adult  female 
rabbit  (Animal  J**47)  over  a  24  hour  period.  The  solid  line  in  each  case  represents  the 
area  during  the  blush  or  vasodilatation  phase  of  the  vascular  rhythm;  the  dotted  line, 
the  area  during  the  blanch  or  vasoconstriction  phase.  L.V.  indicates  the  left  ventral 
implant;  L.D.,  the  left  dorsal  implant. 


tions  in  area  of  prostatic  intraocular  implants  in  intact  male  rabbits 
described  first  by  R.  A.  Moore  et  al.  (1937)  and  later  confirmed  by 
Krichesky  et  al.  (1941).  Moore  and  his  co-workers  attribute  these 
fluctuations  to  a  daily  variation  in  output  of  the  testis  hormone,  bas¬ 
ing  their  conclusion  upon:  (1)  prompt  decrease  of  size  and  lack  of  daily 
fluctuation  following  castration  and  (2)  the  minimal  fluctuation  be¬ 
fore  puberty.  However,  Krichesky  et  al.  (1941)  report  that  the  fluc¬ 
tuations  continue  in  completely  prostatectomized  male  rabbits  10 
weeks  after  castration.  They  also  report  that  despite  a  constant  source 
of  hormone  by  injection  in  intact  or  castrated  animals,  variations  in 
area  occur  in  both  which  are  similar  to  those  observed  in  untreated 
animals.  Their  findings  would  support  the  statement  of  C.  R.  Moore 
(1932)  that  “hormone  production  in  mammals,  not  strictly  seasonal 
breeders,  appears  to  be  a  continuous  process.  ...” 
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Our  observations  agree  with  both  Moore  et  al.  (1937)  and  Kri- 
chesky  et  al.  (1941)  that  these  daily  fluctuations  in  area  of  the  trans¬ 
plants  are  due,  in  all  probability,  to  systemic  changes  rather  than  to 
specific  changes  occurring  in  individual  transplants.  These  variations 
observed  in  the  endometrial  transplants  usually  occur  simultaneously 
and  in  the  same  direction  in  multiple  transplants  in  the  same  animal. 
However,  we,  like  Krichesky  et  al.,  observe  that  these  daily  fluctua¬ 
tions  occur  in  castrated  animals  as  well  as  in  intacts:  In  some  animals 
such  fluctuations  in  area  are  seen  for  as  long  as  70  days  following  the 
cessation  of  hormone  injection  in  a  castrated  female  rabbit  (fig.  2). 
In  the  female,  it  also  seems  highly  improbable  that  hormone  of  ovar¬ 
ian  origin  would  continue  to  be  effective  in  a  rabbit  10  weeks  after 
castration.  Moreover,  these  variations  in  size  cannot  be  attributed 
to  a  difference  in  the  amount  of  blood  in  the  transplant  since  photo¬ 
graphs  were  taken  consistently  at  the  height  of  the  blush  or  vasodila¬ 
tation  phase  of  the  vascular  rhythm.  It  must  be  admitted,  however, 
that  the  possibility  exists  that  these  fluctuations  may  be  due  to  varia¬ 
tions  in  the  endogenous  output  of  hormone  of  adrenal  origin. 

It  if  can  be  assumed  that  a  concentration  of  circulating  hormone 
sufficient  to  maintain  an  endometrial  transplant  at  a  precastration 
level  is  the  concentration  circulating  in  a  normal  animal,  then  the  re¬ 
placement  dose  that  will  maintain  such  transplants  in  a  castrate  may 
be  considered  to  be  the  physiologic  level  for  that  hormone.  A  dose 
of  2.5  i.u./kg.  of  estrone  given  every  other  day  does  not  maintain 
endometrial  transplants  in  the  castrated  rabbit;  whereas  a  5  i.u./kg. 
dose  given  similarly  maintains  the  growth  slightly  above  the  pre¬ 
castration  level.  Therefore,  as  determined  by  the  methods  described, 
the  physiologic  level  lies  somewhere  between  2.5  i.u./kg.  and  5  i.u./kg. 
of  estrone.  Markee  (1936)  states  that  an  average  of  8  rat  units  of 
theelin  per  kilogram  of  body  weight  maintained  endometrial  trans¬ 
plants  at  about  3%  above  the  precastration  level.  If  the  k.u.  is 
estimated  conservatively  to  be  equivalent  to  5  i.u.  of  estrone,  then 
Markee’s  dose  of  8  r.u.  per  day  (40  i.u./kg.  of  estrone)  should  be 
comparable  to  approximately  the  100  i.u./kg.  dose  (equivalent  of 
50  I.u./kg.  daily)  used  in  these  studies.  With  this  dose,  the  response 
obtained  was  an  average  maintenance  of  the  transplants  at  a  +16% 
level.  A  difference  in  preparations  or  methods  used  may  account  for 
the  discrepancy.  Recently  Markee  (personal  communication  to 
Krichesky)  reported  that  his  more  recent  findings  with  improved 
methods  indicate  that  the  maintenance  dose  for  endometrium  ap¬ 
proximates  the  values  obtained  in  these  studies. 

Although  the  average  areas  of  the  transplants  increase  with  in¬ 
creasing  dosage,  a  dosage-response  curve  is  not  possible;  inasmuch 
as  individual  variations  within  a  group  are  so  great  as  not  to  be  statis¬ 
tically  significant.  For  instance,  a  response  in  the  5  i.u./kg.  group 
may  be  similar  to  one  seen  in  the  50  i.u./kg.  group  or  vice  versa. 
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Very  few  attempts  have  been  made  to  relate  estrogen  dose  gravi- 
metrically  to  uterine  response.  Biilbring  and  Burns  (1935)  found  in 
immature  rats  that  uterine  weight  is  proportional  to  the  logarithm 
of  the  dose  over  a  dose  range  of  0.2  gamma  to  0.8  gamma  of  estrone 
given  daily  for  4  days.  Astwood  (1938)  developed  a  6-hour  quantita¬ 
tive  assay  method  following  a  single  injection  of  estrogen  which  was 
based  upon  increase  in  uterine  weight,  due  largely  to  intake  of  water 
into  the  tissues.  For  the  present  at  least,  it  would  appear  that  the 
larger  amounts  of  hormone  required,  the  more  complicated  procedures 
involved,  the  longer  time  interval  necessary,  and  the  great  variation 
of  response  of  the  individuals  within  a  group  make  these  methods  as 
well  as  the  intraocular  method  less  satisfactory  for  assay  purposes 
than  those  based  upon  vaginal  responses. 

Since  there  is  no  significant  difference  between  the  response  ob¬ 
served  in  the  endometrial  transplants  in  completely  hysterectomized 
and  in  incompletely  hysterectomized  animals,  it  would  appear  that 
maintenance  of  the  endometrium  is  due  to  the  circulating  level  of 
hormone  regardless  of  the  amount  of  end  organ  present.  Markee  (1940) 
reported  no  compensatory  hypertrophy  in  endometrial  transplants  in 
the  eye  of  a  macaque  in  which  the  corpus  of  the  uterus  had  been  re¬ 
moved  when  these  transplants  were  compared  to  those  in  other  ani¬ 
mals  receiving  the  same  dose  of  estrone.  He  concluded  that  “its 
growth  is  determined  by  the  concentration  rather  than  the  total 
amount  of  estrone  to  which  it  is  exposed.”  From  Markee’s  observa¬ 
tions  and  our  own  it  can  be  suggested  that  the  endometrial  main¬ 
tenance  is  due  to  the  concentration  of  circulating  hormone  and  bears 
no  relation  to  the  amount  of  target  organ  present.^ 

Deleterious  effects  upon  the  uterus  of  large  doses  of  estrogens  over 
long  periods,  as  seen  in  the  500  i.u./kg.  group,  have  been  reported  by 
other  investigators.  Engle  and  Smith  (1935)  working  with  the  monkey 
and  Reynolds  (1935)  working  with  the  rabbit,  reported  that  involu¬ 
tion  of  the  endometrium  occurs  in  varying  degrees  under  these  con¬ 
ditions.  Zondek  (1936)  found  that  large  doses  of  estrogens  in  the 
rabbit  given  over  a  long  period  of  time  destroy  the  uterus;  whereas 
physiologic  doses  stimulate  it.  Selye,  Thompson  and  Collip  (1935)  re¬ 
ported  metaplasia  of  uterine  epithelium  induced  by  chronic  estrogen 
administration.  The  results  reported  herein  indicate  that  in  the  rab¬ 
bit,  at  least,  endometrial  response  to  doses  of  500  i.u./kg.  of  estrone 
(250  I.u./kg.  daily)  is  unpredictable.  It  is  possible,  and  even  prob¬ 
able,  that  comparable  doses  in  other  species,  including  man,  may  have 
similar  effects. 

’’  It  ie  possible  that  this  is  not  the  complete  answer.  Results  were  obtained  by  the 
author  in  a  few  animals  with  uteri  intact  and  endometrial  heterotransplants  (from 
littermates)  which  indicate  that  the  response  in  these  animals  is  greater  than  in  either 
completely  or  incompletely  hysterectomized  animals  with  autotransplants  given  the 
same  dose.  This  work  is  being  investigated  at  the  moment  with  a  larger  number  of 
animals  to  verify  the  significance  of  these  results. 
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The  alternate  blushing  and  blanching  of  the  endometrium  ob¬ 
served  in  these  studies  are  in  accord  with  similar  observations  de¬ 
scribed  by  Markee  for  the  guinea  pig  (1929,  1932),  for  the  rabbit 
(1929,  1932),  and  for  the  monkey  (1932,  1940).  Pfeiffer  (1936)  re¬ 
ported  the  absence  of  this  phenomenon  in  the  rat,  giving  pressure  due 
to  a  small  anterior  chamber  of  the  eye  and/or  species  difference  as  pos¬ 
sible  reasons.  The  observation  in  these  studies  of  different  rhythms  in 
multiple  transplants  in  the  same  animal  plus  the  fact  that  rhythmic 
vasodilation  and  vasoconstriction  persisted  in  untreated  castrated 
animals  (although  at  a  much  slower  rate  and  with  less  coloration) 
for  as  long  as  3  months  is  in  agreement  with  Markee’s  conclusion  that 
such  vascular  rhythm  is  specific  for  uterine  tissue,  being  an  inherent 
characteristic  of  mature  or  sexually  active  uterus. 

As  already  described,  the  color  and  rate  of  vascular  rhythm  in¬ 
creased  within  20  minutes  following  a  single  injection  of  estrone  into 
a  castrate.  This  is  in  agreement  with  the  earlier  findings  of  other  in¬ 
vestigators.  Markee  (1932)  reported  that  dilatation  of  endometrial 
vessels  in  the  rabbit  occurs  20  minutes  after  the  injection  of  estrone. 
This  observation  of  maximal  hyperemia  of  the  endometrium  occurring 
within  30  minutes  or  less  after  injection  of  estrogens  into  normal  or 
castrated  guinea  pigs  and  rabbits  was  confirmed  by  Fagin  and  Rey¬ 
nolds  (1936),  Neuman  (1932,  1934),  Markee  and  French  (1934), 
MacLeod  and  Reynolds  (1938).  Pompen  (1933)  also  reported  hy¬ 
peremia  of  the  uterus  of  the  castrated  rabbit  appearing  some  time 
between  a  few  minutes  and  an  hour  after  the  injection  of  estrone. 

To  the  writer’s  knowledge,  the  occurrence  of  a  diurnal  variation  in 
the  area  of  the  endometrium  as  studied  in  the  eye  of  the  rabbit  has  not 
been  reported  previously.  These  changes  appear  to  parallel  the  vascu¬ 
lar  changes  reported  by  Markee  (1929)  for  the  guinea  pig  uterus.  He 
found  that  vascular  changes  are  influenced  by  the  time  of  day.  Our 
findings  in  the  rabbit  show  that  the  area  of  the  transplants  was  least  in 
the  early  hours  of  the  morning  when  Markee  observed  slowest  and 
least  intense  vascular  changes,  and,  that  the  greatest  area  occurred 
between  the  hours  of  4  p.m.  and  8  p.m.  when  Markee  observed  greatest 
rate  and  intensity  of  the  vascular  changes.  Moreover,  it  has  been 
shown  in  the  studies  described  herein  that  the  area  of  the  transplants 
was  least  in  the  early  hours  of  the  morning  when  Markee  observed 
slowest  and  least  intense  vascular  changes,  and,  that  the  greatest  area 
occurred  between  the  hours  of  4  p.m.  and  8  p.m.  when  Markee  ob¬ 
served  greatest  rate  and  intensity  of  the  vascular  changes.  Moreover, 
it  has  been  shown  in  the  studies  described  herein  that  the  area  of  the 
transplant  was  greatest  when  the  blood  supply  to  it  also  was.greatest. 

SUMMARY 

Varying  doses  of  estrone,  ranging  from  2.5  i.u./kg.  to  500  i.u. 
/kg.,  were  administered  every  other  day  to  castrated,  completely  or 
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incompletely  hysterectomized  female  rabbits  which  had  received  in¬ 
traocular  endometrial  implants.  It  is  suggested  that  the  amount  of 
growth  of  the  endometrium  probably  is  directly  related  to  the  level 
of  circulating  hormone  and  not  to  the  amount  of  end  organ  present 
since  there  is  no  significant  difference  in  response  of  completely  and 
incompletely  hysterectomized  animals.  The  physiologic  level  of  es¬ 
trone  in  the  rabbit,  determined  by  the  methods  described,  is  between 
2.5  i.u./kg.  and  5  i.u./kg.  The  2.5  i.u./kg.  dose  does  not  maintain 
the  transplant  area  above  the  precastration  level  in  any  animals; 
whereas  5  i.u./kg.  maintains  it  at  a  +5%  level.  No  striking  difference 
of  response  was  observed  in  the  5,  10,  25,  and  50  i.u./kg.  groups.  The 
lowest  dose  which  produced  a  marked  growth  of  endometrium  was 
100  I.u./kg.,  and  an  even  greater,  but  more  irregular,  response  was 
obtained  with  250  i.u./kg.  The  largest  dose  used,  i.e.  500  i.u./kg., 
produces  deleterious  effects  upon  the  uterus,  the  endometrial  trans¬ 
plants  responding  in  an  irregular  and  unpredictable  manner. 

Daily  fluctuations  in  area  of  intraocular  endometrial  transplants 
occur  in  both  normal  and  castrated  female  rabbits  due  probably  to 
systemic  changes  rather  than  to  any  of  gonadal  origin.  Alternate 
vasodilatation  and  vasoconstriction  occur  in  the  endometrium  in  the 
eye  of  the  rabbit.  Diurnal  variation  in  area  of  the  endometrium  occurs 
and  is  greatest  between  4  p.m.  and  8  p.m.  and  least  between  3  a.m. 
and  5  a.m.  Individual  variations  in  response  are  too  great  within  a 
dosage  group  to  permit  the  construction  of  an  estrogen  dosage- 
uterine  response  curve. 
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DEPOSITION  OF  PIGMENT  IN  THE  SPARROW’S 
BILL  IN  RESPONSE  TO  DIRECT  APPLICA¬ 
TIONS  AS  A  SPECIFIC  AND  QUANTI¬ 
TATIVE  TEST  FOR  ANDROGEN' 

C.  A.  PFEIFFER,  C.  W.  HOOKER  and  A.  KIRSCHBAUM^ 

From  the  Department  of  Anatomy,  Yale  University  School  of  Medicine 

NEW  HAVEN,  CONNECTICUT 

The  blackening  of  the  sparrow’s  bill  in  response  to  androgens 
has  been  recognized  since  its  discovery  by  Keck  (1933;  1934)  as  a 
reaction  probably  adaptable  to  the  bio-assay  of  male  hormone  sub¬ 
stances.  Among  the  desirable  attributes  of  this  test  are  the  require¬ 
ment  (Witschi,  1936)  of  a  lower  daily  dose  of  androgen  than  the 
standard  capon  test,  a  degree  of  specificity  shown  by  the  failure  of  es¬ 
trogens  and  gonadotropins  to  elicit  the  response  (Pfeiffer  and  Kirsch- 
baum,  1941),  and  its  low  cost.  Unfortunately,  when  androgens  are 
administered  by  the  usual  subcutaneous  or  intramuscular  injections 
the  bill  responds  by  becoming  a  fairly  diffuse  gray,  then  blue-black, 
and  finally  jet  black.  This  sequence  of  color  changes  is  of  such  char¬ 
acter  that  it  is  extremely  difficult  to  identify  minimum  responses  and 
to  recognize  precise  end-points  in  degree  of  reaction.  Consequently 
the  test  has  been  reliable  only  as  a  qualitative  indicator  of  androgens. 

The  effectiveness  of  several  hormones  when  applied  directly  to 
various  end  organs  (Fussganger,  1934;  Dessau,  1937;  MacBryde, 
1937;  Stadler  and  Lyons,  1938;  Lyons  and  Sako,  1940)  prompted 
an  examination  of  the  effects  of  the  application  of  androgen  directly 
to  the  sparrow’s  bill  (Kirschbaum  and  Pfeiffer,  1941).  The  observa¬ 
tion  of  responses  to  quite  small  amounts  led  to  a  more  extensive  study 
concerned  with  the  specificity  of  the  response,  its  quantitative  aspects, 
and  its  applicability  to  biological  materials. 

MATERIALS  AND  METHODS 

English  sparrows  (Passer  domesticus)  were  trapped  in  nature  as  imma¬ 
ture  birds  during  the  summer  months  and  kept  in  captivity  until  autumn 
when  the  adult  plumage  app)eared.  The  females  were  used  in  the  experi- 
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merits  without  preliminary  treatment;  the  males  were  first  castrated.  To 
facilitate  the  excision  of  the  testes  the  males  were  given  either  increased 
light  ration  or  a  single  injection  of  gonadotropic  substance  (pregnant  mare 
serum)  to  produce  a  slight  testicular  hypertrophy.  The  birds  were  housed  in 
wire  cages  measuring  3X3X4  feet,  and  were  fed  a  dry  mixture  of  equal 
parts  of  finely  cracked  grain  (chick)  and  poultry  growing  mash.  Food  and 
fresh  water  were  supplied  continuously. 

Testosterone  propionate  for  intramuscular  injection  was  dissolved  in 
sesame  oil  in  such  concentration  that  the  daily  dose  was  contained  in  0.05 
cc.  of  the  oil.  The  injections  were  made  in  the  breast  region.  As  another  means 
of  systemic  administration  an  alcoholic  solution  of  testosterone  propionate 
was  applied  to  the  skin  of  the  breast.  To  make  the  direct  applications  a  solu¬ 
tion  of  the  hormone  in  absolute  alcohol  was  dropped  upon  the  skin  at  the 
angle  of  the  bill  on  one  side,  while  the  other  side  of  the  bill  remained  un¬ 
treated.  The  concentration  of  the  pure  hormone  substances  was  such  that 
the  daily  dose  was  contained  in  a  single  drop  of  solution  delivered  from  a 
blunted  22  gauge  hypodermic  needle  affixed  to  a  1  cc.  tuberculin  syringe. 
Careful  pressure  applied  to  the  plunger  of  the  syringe  allows  the  drop  to 
form  gradually  and  fall  of  its  own  weight,  giving  uniform  drops  and,  hence, 
uniform  dosage.  To  examine  the  effects  of  combinations  of  hormones  the 
two  substances  were  dissolved  together  in  appropriate  concentration  in  ab¬ 
solute  alcohol  and  also  applied  in  daily  doses  of  one  drop  of  solution. 

To  test  the  responsiveness  of  the  bill  to  direct  applications  of  crude 
material  from  biological  sources  extracts  were  made  of  testicular  tissue  from 
rats,  pigs,  and  bulls.  The  extracts  were  prepared  according  to  the  method  of 
Gallagher  and  Koch  (1929)  through  the  chilled  acetone  phase.  This  material 
was  dissolved  in  hot  absolute  alcohol  and  its  activity  upon  the  bill  when 
directly  applied  was  ascertained.  The  alcoholic  solution  was  then  evaporated 
to  dryness  and  the  residue,  after  incorporation  in  olive  oil,  was  assayed  with 
capons  by  the  method  of  Gallagher  and  Koch  (1930). 

OBSERVATIONS 

Systemic  Administration 

As  shown  in  Table  1,  A,  when  testosterone  propionate  was  injected 
in  oil  solution  into  the  breast  muscle  the  minimum  daily  dose  effec¬ 
tive  in  inducing  pigmentation  of  the  sparrow’s  bill  lay  between  5  and 
lOiug.  in  a  test  period  of  10  days.  Castrated  males  were  somewhat  more 
responsive  than  intact  females.  When  applied  in  alcoholic  solution  to 
the  skin  of  the  breast  the  minimum  effective  dose  was  in  the  same 
range  (Table  1,  B),  about  8  jug.  daily;  but  here  the  response  required 
a  somewhat  shorter  period  of  treatment,  one  animal  showing  a  reac¬ 
tion  as  early  as  the  fifth  day.  With  this  method  of  administration  3 
of  5  birds  responded  to  a  daily  amount  of  4  jug.,  but  only  after  19 
days  of  treatment;  a  possible  reaction  was  given  by  one  bird  only 
.  after  25  daily  administrations  of  2  jug. 

The  reaction  of  the  bill  to  the  systemically  administered  androgen 
was  in  all  cases  the  acquisition  of  a  jet  black  area  at  the  base  of  the 
bill  which  merged  into  a  more  distally  located  blue  area.  The  latter 
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Table  1.  Deposition, of  pigment  in  the  sparrow’s 

BILL  IN  RESPONSE  TO  ANDROGENS 


No.  of 
animals 

Daily  dose 
Mg. 

Total  amount 
given,  Mg. 

Length  of  No.  of 
treatment,  animals 
days  responding 

Days  before 
response 

Systemic  Administration 

A.  Intramuscular  injection  of  testosterone  propionate  in  oil 

49 

10.0 

100 

10 

4 

8-10 

Sd'* 

10.0 

100 

10 

3 

8-10 

4  9 

5.0 

50 

10 

0 

— 

3cf 

5.0 

50 

10 

2** 

10 

49 

2.5 

25 

10 

0 

— 

3d' 

2.5 

25 

10 

0 

— 

B.  Cutaneous  application  of  testosterone  propionate  in  alcohol 

49 

8.0 

120 

15 

3 

5-13 

59 

4.0 

100 

25 

3t 

17-19 

39 

2.0 

50 

25 

1** 

25 

Direct  Application  to  the  Bill 

C.  Testosterone  propionate 

5  9 

2.0 

20 

10 

5 

4-5 

D.  Testosterone 

2  9 

2.0 

20 

10 

2 

4-5 

29 

1.0 

10 

10 

2 

4-5 

59 

0.5 

5 

10 

3 

5-10 

4d’ 

0.25 

2.5 

10 

4 

4-5 

3d’ 

0.125 

1.25 

10 

3 

7-8 

ed* 

0.063 

1.0 

16 

4 

^16 

E.  Androsterone 

39 

13.3 

133 

10 

3 

3 

39 

6.6 

66 

10 

3 

3 

3  9 

3.3 

33 

10 

3 

3-4 

3  9. 

1.0 

10 

10 

3 

4 

3  9 

0.5 

5 

10 

3 

4-6 

49 

0.25 

2.5 

10 

4 

5-9 

10  o' 

0.25 

2.5 

10 

10 

4-5 

3d’ 

0.125 

1.25 

10 

3 

7-8 

5d’ 

0.063 

1.0 

16 

5 

8-16 

F.  Progesterone 

3d’ 

500 

5000 

10 

0 

— 

G.  Desoxy corticosterone  acetate 

3d’ 

250 

2500 

10 

0 

— 

H.  Testosterone  plus  10.0  ug.  estradiol  benzoate  daily. 

5d’ 

0.25 

2.5 

10 

5 

3-5 

Testosterone  alone 

5d’ 

0.25 

2.5 

10 

5 

4-5 

•  All  males  were  castrates. 

**  Response  questionable, 
t  Response  very  slight  in  1  animal. 


in  turn  graded  into  a  dull  slate  gray  area  bordered  by  the  horn  brown 
or  yellow  unaffected  portion  of  the  bill. 

Direct  Application 

Testosterone  propionate.  The  first  substance  applied  directly  to  the 
bill  was  testosterone  propionate  in  daily  amounts  of  2  pg.  After  four, 


392 


PFEIFFER,  HOOKER  AND  KIRSCHBAUM 


Volume  34 


or  five,  days  of  treatment  all  of  the  five  test  animals  had  responded 
(Table  1,  C).  The  response  was  the  formation  of  a  narrow  black  line 
along  the  base  of  both  the  upper  and  lower  mandibles,  at  the  junction 
of  the  bill  with  the  skin,  and  around  the  small  lateral  pouches  at  the 
angle  between  the  upper  and  lower  mandibles  (figs.  1,  2).  With 
longer  treatment  the  width  of  the  black  line  increased  but  never  ex¬ 
ceeded  2  mm.,  even  when  the  local  applications  were  given  daily  for 
as  long  as  30  days. 

Testosterone.  An  attempt  w'as  made  to  determine  the  minimum 
effective  dose  of  locally  applied  testosterone  (Table  1,  D).  Using  cas¬ 
trated  male  sparrows,  the  application  of  0.25  ng.  to  the  bill  daily  elic¬ 
ited  a  positive  response  in  all  of  four  test  animals  in  four  days,  a  total 
amount  of  1.0  ng.  When  a  daily  dose  of  0.125  Mg-  was  given  three  of 
three  test  animals  gave  a  positive  reaction  in  8  days,  again  a  total  dose 
of  1.0  Mg-  When  the  daily  dose  was  0.063  Mg-  four  of  six  test  animals 
show  ed  a  positive  response  within  16  days,  again  a  total  dose  of  1.0  ng. 
A  positive  response  was  never  seen  earlier  than  three  or  four  days  fol¬ 
lowing  the  first  application,  even  when  large  amounts  were  given. 

Intact  females  proved  less  responsive  than  castrated  males  and 
there  w  as  less  uniformity  in  the  intensity  of  the  reaction  and  in  the 
length  of  treatment  required.  Of  five  intact  females  only  three  gave 
a  response  wdthin  ten  days  to  a  daily  dose  of  0.5  Mg-  At  higher  doses 
all  of  the  treated  females  responded  within  ten  days. 

On  the  basis  of  the  reaction  of  castrated  males  in  a  standard  ten 
day  period  of  treatment,  the  minimum  effective  daily  dose  of  locally 
applied  testosterone  appears  to  be  0.125  Mg-  On  the  other  hand,  in 
terms  of  total  dose,  1.0  Mg-  sufficed  to  evoke  a  response  when  dis¬ 
tributed  in  equal  daily  amounts  over  a  period  of  4,  8  or  16  days. 

The  pigmentation  of  the  bill  in  response  to  the  smaller  amounts  of 
testosterone  appeared  in  any  one  of  several  spots  as  an  abbreviated 
line  along  the  junction  of  the  bill  with  the  skin.  Usually,  however, 
one  of  three  fairly  specific  areas  was  involved.  They  were  the  base  of 
the  nasal  notch  of  the  upper  mandible  (fig.  3),  the  mid-lateral  border 
of  the  base  of  the  lower  mandible  (fig.  4,  6)  and  the  lateral  pouch  at 
the  angle  between  the  upper  and  lower  mandibles  (fig.  5).  The  re¬ 
sponding  area  was  often  only  a  fraction  of  a  millimeter  in  length,  but 
it  was  always  jet  black.  Whether  the  pigmentation  developed  on  the 
upper  or  lower  mandible  apparently  depended  upon  which  received 
the  greater  portion  of  the  applied  hormone. 

Androsterone.  Androsterone  had  the  same  activity  as  testosterone 
and  induced  a  qualitatively  identical  response.  All  of  10  castrated 
males  gave  a  positive  reaction  in  four  or  five  days  to  a  daily  dose  of 
0.25  Mg-,  or  a  total  dose  of  1.0  Mg-  (Table  1,  E).  With  a  daily  dose  of 
0.125  Mg-  all  of  the  three  test  animals  responded  in  7  or  8  days.  When 
a  daily  dose  of  0.063  Mg-  was  given  all  of  the  five  test  animals  re¬ 
sponded;  the  length  of  treatment  required  varied  from  8  to  16  days. 
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Fig.  1.  The  untreated  side  of  the  bill  of  a  female  sparrow  which  had  received  local 
applications  of  2  ng.  testosterone  propionate  daily  for  20  days.  There  is  no  pigment 
change  on  this  side  of  the  bill,  (.\pprox.  natural  size) 

Fig.  2.  The  treated  side  of  the  bill  of  the  same  sparrow  as  in  figure  1,  and  photographed 
on  the  same  day.  The  pigmented  area  is  a  narrow  black  line  along  the  base  of  both  the 
upper  and  lower  mandibles  at  the  junction  of  the  bill  with  the  skin  and  the  small  lateral 
pouch  at  the  angle  between  the  upper  and  lower  mandible.  (Approx,  natural  size) 

Fig.  3  to  6.  Outlines  of  sparrows’  bills  to  show  the  specific  areas  (dark  abbreviated 
line)  in  which  blackening  occurs  in  response  to  small  amounts  of  androgen  (.\pprox. 
natural  size) :  fig.  3.  The  base  of  the  nasal  notch  of  the  upper  mandible,  fig.  4.  The  mid¬ 
lateral  border  of  the  base  of  the  lower  mandible,  fig.  5.  The  lateral  pouch  at  the  angle 
between  the  upper  and  lower  mandibles,  and  fig.  6.  The  lower  border  of  the  base  of  the 
lower  mandible. 

Here  also,  castrated  males  were  somewhat  more  responsive  than  in¬ 
tact  females  in  which  five  to  nine  daily  applications  of  0.25  Mg-,  or 
1.0  to  2.0  Mg-  total  dose,  were  required  for  a  positive  reaction.  Daily 
doses  of  3.3  Mg-  or  more  reached  the  systemically  effective  level  and 
evoked  a  diffuse  pigmentation  affecting  the  untreated  as  well  as  the 
treated  side  of  the  bill,  a  reaction  of  the  bill  like  that  given  by  the  ani¬ 
mals  receiving  systemic  injections. 

Progesterone  and  desoxycorticosterone  acetate.  Daily  application  of 
500  Mg-  of  progesterone  to  the  bill  failed  to  induce  pigmentation  in 
three  castrated  males  (Table  1,  F)  although  in  terms  of  weight  this 
represents  nearly  5000  times  the  minimum  effective  dose  of  testos¬ 
terone.  Similarly,  daily  applications  of  250  Mg-  of  desoxycorticoster¬ 
one  acetate  to  the  bills  of  three  castrated  males  did  not  evoke  any  de¬ 
tectable  response  (Table  1,  G).  This  quantity  is  approximately  2500 
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times  by  weight  the  MED  of  testosterone.  The  amount  of  each  of 
these  substances  administered  represents  almost  its  maximum  solu¬ 
bility  in  alcohol. 

Estrogen  and  testosterone  simultaneously.  To  determine  whether 
direct  applications  of  estrogen  to  the  bill  will  modify  the  action  of 
directly  applied  androgen  hve  castrated  males  were  given  one  drop 
daily  of  a  combined  solution  of  testosterone  and  estradiol  benzoate. 
This  solution  was  made  in  absolute  alcohol  in  such  fashion  that  each 
drop  contained  0.25  Mg-  of  testosterone  and  10.0  Mg-  of  estradiol  ben¬ 
zoate.  All  five  test  animals  showed  a  positive  response  after  3  to  5 
days  (Table  1,  H).  A  second  group  of  five  castrated  males  at  the  same 
time  were  giv'en  the  same  dose  of  testosterone  without  the  estrogen. 
All  five  test  animals  responded  after  4  or  5  days.  Clearly  the  estrogen 
was  without  effect. 

Testicular  extracts.  The  extracts  of  rats’  testes  evoked  no  response 
in  either  the  sparrows  or  the  capons.  Possibly  the  amount  of  tissue 
extracted  was  inadequate. 

The  alcoholic  suspension  of  the  extract  of  pigs’  testes  was  applied 
directly  to  the  bills  of  two  castrated  male  sparrows.  In  both  cases  12 
daily  applications  of  one  drop  elicited  a  response.  This  was  taken  to 
indicate  that  12  drops,  or  0.13  cc.  contained  androgenic  activity 
equivalent  to  1.0  Mg-  of  testosterone.  A  portion  (20.8  cc.)  of  the  alco¬ 
holic  solution  was  then  evaporated  and  the  residue  dissolved  in  10  cc. 
of  olive  oil,  at  which  concentration  there  should  have  been,  on  the 
basis  of  the  sparrow  tests,  androgenic  activity  equivalent  to  that  of 
16  Mg-  of  testosterone  in  each  cubic  centimeter  of  solution.  Subcu¬ 
taneous  injection  of  1  cc.  daily  of  the  oil  solution  into  each  of  two 
capons  provoked  growth  of  5.5  and  6.0  mm.,  respectively,  in  the  sum 
of  the  length  and  height  of  the  combs.  Thus,  according  to  the  capon 
test,  each  cubic  centimeter  of  the  oil  solution  contained  approxi¬ 
mately  1.1  or  1.2  Gallagher-Koch  capon  units  of  androgenic  activity. 
(One  capon  unit — i.u. — being  13-16  Mg-  testosterone,  Koch  1937.) 

The  alcoholic  suspension  of  the  extract  of  bulls’  testes  was  applied 
directly  to  the  bills  of  5  castrated  male  sparrows.  One  animal  received 
one  drop  daily  for  15  days.  No  response  was  given.  Four  of  the  spar¬ 
rows  were  given  2  drops  daily.  Three  of  these  four  animals  gave  a  posi¬ 
tive  response  after  9  days  (18  drops)  and  the  fourth  animal  responded 
after  10  days  (20  drops).  Each  cubic  centimeter  of  the  suspension 
contained  100  drops  as  delivered,  and  accordingly  by  this  test,  andro¬ 
genic  activity  equivalent  to  that  of  5  or  5.5  Mg-  of  testosterone.  A  por¬ 
tion  (30  cc.)  of  the  alcoholic  suspension,  on  the  basis  of  the  sparrow 
tests  containing  activity  equivalent  to  that  of  150  to  165  Mg-  of  testos¬ 
terone,  was  evaporated  and  the  residue  was  dissolved  in  10  cc.  of  olive 
oil.  Each  cubic  centimeter  of  the  oil  solution  should,  then,  have  con¬ 
tained  15  to  16.5  Mg-  of  testosterone.  One  capon  was  given  1  cc.  daily 
of  the  oil  solution  and  two  capons  were  each  given  0.5  cc.  daily.  After 
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five  days  the  comb  of  the  first  capon  had  grown  5.5  mm.,  and  of  each 
of  the  other  two  capons  3.0  mm.  Thus,  according  to  this  test,  each 
cubic  centimeter  contained  about  1.1  to  1.2  capon  units  of  androgenic 
activity,  or,  the  equivalent  of  16.5  to  18.0  ng.  of  testosterone  (assum¬ 
ing  one  capon  unit  is  15  Mg-)* 

The  chilled  acetone  fraction  of  the  extract  of  bulls’  testes  con¬ 
tained  much  material  that  dissolved  in  warm  alcohol  but  was  insoluble 
in  cold  alcohol.  To  determine  whether  the  material  insoluble  in  cold 
alcohol  was  active  or  inert  the  suspension  was  chilled  and  the  super¬ 
natant  alcoholic  solution  was  tested  by  applications  to  the  bills  of 
two  sparrows.  A  positive  response  was  given  after  the  administration 
of  two  drops  daily  for  five  days.  Inasmuch  as  the  supernatant  was 
twice  as  active  as  the  whole  suspension  and  the  cold  alcohol-insoluble 
material  made  up  approximately  one-half  of  the  total  volume  of  the 
suspension,  it  is  apparent  that  the  solids  possessed  little  or  no  activ¬ 
ity. 


DISCUSSION 

The  standard  method  for  the  bio-assay  of  androgens,  upon  which 
the  international  unit  is  based,  is  the  capon  test  (Gallagher  and  Koch, 
1930)  involving  intramuscular  injection  into  the  adult  capon.  A  stand¬ 
ard  response  in  this  assay  is  elicited  by  the  daily  administration  of 
one  international  unit  (100  Mg-  of  androsterone  or  13-16  Mg-  of  testos¬ 
terone,  Koch  1937).  Using  chicks,  Dorfman  and  Greulich  (1937) 
observed  that  intramuscular  injection  of  as  little  as  1.0  Mg-  of  testos¬ 
terone  daily  for  six  days  evoked  definite  growth  of  the  comb.  When 
applied  directly  to  the  comb  of  the  adult  capon  a  total  dose  of  10  Mg- 
of  androsterone  w'as  reported  by  Oesting  and  Webster  (1938)  to  give 
a  reproducible  response,  while  Emmens  (1939)  found  that  a  total  dose 
of  1.2  Mg-  of  androsterone  elicited  definite  growth  of  the  comb.  Koch 
and  Johnston  (1941)  have  recently  devised  an  assay  employing  direct 
applications  to  the  comb  of  the  capon  which  may  require  as  little  as 
a  total  amount  of  0.2  Mg-  of  androsterone.  The  response  of  the  spar- 
row  ’s  bill  to  a  total  dose  of  1.0  Mg-  of  directly  applied  testosterone  or 
androsterone  thus  compares  favorably  with  the  more  sensitive  of  the 
biologic  tests  for  androgen. 

On  the  basis  of  the  data  at  hand  it  is  possible  to  estimate  certain 
levels  of  testosterone  and  androsterone  by  direct  application  to  the 
sparrow’s  bill.  When  an  alcoholic  solution  of  the  androgen  is  so  ad¬ 
ministered  a  black  line  becomes  evident  on  the  bill  when  the  total 
amount  of  the  androgen  reaches  1.0  Mg-  The  daily  dose  is  accordingly 
1.0  Mg-  divided  by  the  number  of  days  of  treatment  required  to  evoke 
the  response.  A  positive  response  in  less  than  five  days  of  treatment 
w  ould  be  of  doubtful  quantitative  significance  inasmuch  as  no  amount 
tested  elicited  a  response  in  less  than  three  or  four  days.  Accordingly 
when  castrated  males  are  used,  the  most  valid  assay  is  given  with  a 
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daily  dose  of  0.125  ng.  Daily  amounts  lower  than  this  require  larger 
numbers  of  test  animals  because  of  the  variation  in  time  of  appearance 
of  the  reaction.  If  the  response  is  bilateral  and  diffuse,  the  daily  dose 
exceeds  1.0  Mg-  Precisely  what  amount  in  excess  of  1.0  Mg-  is  required 
to  evoke  bilateral  response  was  not  determined;  it  is  clearly  less  than 
3.3  Mg-  daily. 

Obviously,  to  be  of  any  utility  a  method  of  assay  must  be  ap¬ 
plicable  to  biologic  materials  as  well  as  to  chemically  pure  compounds. 
The  crude  extracts  applied  to  the  sparrow’s  bill  elicited  responses 
identical  with  the  reaction  provoked  by  pure  testosterone  and  andro- 
sterone.  Moreover,  the  value  of  the  androgenic  activity  found  by  this 
test  in  the  crude  extracts  was  also  given  by  the  assays  of  the  same  ex¬ 
tracts  by  the  comb  growth  test.  While  the  number  of  test  animals 
was  inadequate  for  a  strictly  quantitative  assay,  they  suffice  to  show 
that  the  values  given  by  the  sparrow  tests  w  ere  of  the  right  order  of 
magnitude.  Since  it  is  impossible  to  restrict  the  spread  of  the  alcoholic 
solution  when  more  than  two  drops  are  applied,  it  is  clear  that  the 
solution  must  contain  an  effective  daily  amount  in  two  drops.  Lower 
concentrations  probably  could  be  assayed,  however,  if  applications 
of  two  drops  each  were  given  oftener  than  once  daily. 

The  deposition  of  pigment  in  the  sparrow’s  bill  in  response  to  di¬ 
rect  application  seems  to  be  a  specific  effect  of  androgens.  The  activi¬ 
ties  of  testosterone  and  androsterone  were  apparently  identical,  while 
estradiol  benzoate  did  not  evoke  pigmentation  of  the -bill  nor  did  it 
modify  the  activity  of  androgen  when  the  two  were  applied  together. 
Progesterone  and  desoxycorticosterone  acetate  even  in  large  amounts 
did  not  cause  blackening  of  the  bill  when  applied  directly,  despite 
their  reported  androgenicity  as  adjudged  by  certain  other  tests. 

In  addition  to  its  sensitivity,  its  quantitative  reproducibility,  and 
its  specificity,  the  blackening  of  the  sparrow’s  bill  in  response  to  local 
■application  offers  several  desirable  features  as  a  test  for  androgens. 
The  response  is  clear  cut  and  readily  identified,  especially  after  some 
experience  on  the  part  of  the  observer.  The  cost  of  the  test  is  small  for 
several  reasons.  The  sparrows  may  be  trapped  in  nature,  their  care  is 
simple,  their  food  is  inexpensive,  and  a  large  colony  may  be  main¬ 
tained  in  a  small  space.  A  test  animal  may  be  used  repeatedly  with 
short  intervals  between  periods  of  treatment  due  to  the  fact  that  the 
slight  pigmentation  evoked  by  small  amounts  of  androgen  disappears 
in  less  than  10  days.  Further,  it  is  not  necessary  thatihe  pigmentation 
disappear  before  using  a  bird  again;  the  contralateral  side  of  the  bill 
may  be  used  immediately. 

It  is  apparent  that  as  test  animals  castrated  males  are  preferable 
-to  intact  females,  in  wffiich  the  response  is  less  readily  elicited  and 
less  uniform.  The  sexual  difference  in  responsiveness  is  doubtless  to 
be  attributed  to  the  fewer  pigment  cells  in  the  bill  of  the  female  (Wit- 
schi  and  Woods,  1936).  Intact  males  probably  may  be  used  satis- 
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factorily  during  the  greater  portion  of  the  year  when  the  testes  are 
quiescent.  They  were,  however,  excluded  from  the  present  experiment 
to  preclude  the  possibility  that  a  subthreshold  level  of  testicular  an¬ 
drogen  might  supplement  the  administered  androgen,  and  to  eUmi- 
nate  the  possibility  of  a  stimulation  of  the  testes  resulting  from  the 
treatment.  The  latter  contingency  was  considered  as  a  result  of  the 
observation  that  administration  of  testosterone  propionate  to  female 
sparrows  was  followed  by  the  growth  of  ovarian  follicles  and  by  evi¬ 
dence  of  the  production  of  estrogen  (Pfeiffer  and  Kirschbaum,  1941). 

No  attempt  was  made  to  examine  the  quantitative  aspects  of  the 
response  of  the  bill  of  the  female  to  androgens.  It  is  clear,  however, 
that  the  variability  in  the  responsiveness  of  females  will  necessitate 
the  use  of  larger  numbers  for  an  assay  in  addition  to  the  requirement 
of  a  somewhat  larger  amount  of  androgen.  If  females  are  used  for  as¬ 
says,  the  response  would  presumably  be  unaffected  by  the  endoge¬ 
nous  estrogen  since  estrogens  neither  induce  pigmentation  of  the  bill 
(Keck,  1934;  Kirschbaum  et  al.,  1939)  nor  modify  the  action  of  an¬ 
drogen  when  administered  directly  or  systemically.  Moreover,  a  stim¬ 
ulation  of  the  production  of  estrogen  or  androgen  in  intact  females  or 
males  by  small  amounts  of  androgen  applied  to  the  bill  appears  to  be 
a  remote  possibility.  Such  stimulation  would  doubtless  be  mediated 
by  the  hypophysis;  and  adequate  amounts  of  administered  androgen 
reaching  the  hypophysis  seems  improbable  when  the  untreated,  but 
equally  sensitive,  side  of  the  bill  fails  to  respond  to  the  androgen. 

It  seems  agreed  that  progesterone  in  large  doses  exerts  androgenic 
action  when  injected  subcutaneously  into  the  rat  and  guinea  pig 
(Greene,  Burrill  and  Ivy,  1939;  Lamar,  1940;  Clausen,  1942);  while 
in  smaller  doses  this  substance  is  apparently  not  androgenic  in  either 
the  capon  or  the  rat  (Albrieux  et  al.,  1936;  Desclin,  1939).  Desoxy- 
corticosterone  acetate  is  reported  by  all  observers  (Hooker  and  Col¬ 
lins,  1940;  Greene  and  Burrill,  1940;  Paschkis,  1941;  Clausen,  1942) 
to  have  no  effect  upon  the  microscopic  structure  of  the  prostate  and 
seminal  vesicles  of  rats,  mice,  and  guinea  pigs.  On  the  other  hand, 
systemic  or  local  administration  of  sufficient  amounts  of  this  sub¬ 
stance  is  reported  to  evoke  growth  of  the  comb  of  the  capon  (Hooker 
and  Collins,  1940;  Marato-Manaro,  1940;  Mussio-Fournier  et  al., 
1940),  whereas  local  applications  to  the  comb  of  the  chick  had  no  ef¬ 
fect  (Paschkis,  1941).  In  general,  therefore,  it  seems  that  whether 
these  two  substances  are  androgenic  depends  to  some  extent  upon  the 
species  employed  as  test  animal  and  upon  the  mode  of  administra¬ 
tion.  Chemical  conversion  of  the  administered  steroid  compound  into 
an  androgenic  substance  would  satisfactorily  account  for  the  overlap¬ 
ping  of  biological  activity  in  some  species  upon  systemic  administra¬ 
tion  and  for  the  lack  of  androgenicity  when  these  substances  are  di¬ 
rectly  applied  to  an  organ  highly  responsive  to  androgens. 

The  observation  that  testosterone  and  androsterone  have  the  same 
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activity  quantitatively  when  directly  applied  to  the  sparrow’s  bill 
agrees  with  earlier  observations  of  comparable  activity  of  -these  sub¬ 
stances  when  applied  directly  to  the  comb  of  the  capon  (Dessau, 
1937;  Emmens,  1939).  The  fact  that  upon  subcutaneous  or  intra¬ 
muscular  injection  into  capons  androsterone  is  only  three-twentieths 
as  active  as  testosterone,  in  spite  of  the  identity  of  their  activity  upon 
direct  application,  may  also  result  from  conversion  after  systemic 
administration.  Androsterone  may  be  inactivated  much  more  rapidly 
than  testosterone;  or  it  may  be  converted  during  its  course  through 
the  entire  body  into  another,  less  active  compound. 

SUMMARY 

Direct  applications  of  as  little  as  0.063  ng.  of  testosterone  daily  in 
alcoholic  solution  to  the  bill  of  the  castrated  male  English  sparrow 
induced  the  unilateral  deposition  of  a  narrow  band  of  pigment  in  the 
bill.  When  this  androgen  was  administered  systemically  the  deposi¬ 
tion  of  pigment  in  the  bill  was  bilateral  and  diffuse,  and  required  a 
daily  amount  of  8.0  for  ten  days. 

The  direct  applications  were  made  by  allowing  a  drop  of  a  solution 
in  absolute  alcohol  to  fall  upon  the  skin-bill  junction  on  one  side.  The 
pigmentation  occurred  at  the  point  of  treatment.  The  minimum  effec¬ 
tive  total  dose  of  testosterone  so  administered  was  1.0  jug.  distributed 
in  equal  daily  amounts  over  periods  of  4,  8,  or  16  days.  Androsterone 
elicited  an  identical  response,  and  its  activity  was  the  same  as  that  of 
testosterone.  Direct  applications  of  progesterone  and  desoxycorti- 
costerone  acetate  in  large  amounts  did  not  induce  pigmentation  of 
the  bill.  Administration  of  10.0  Mg-  of  estradiol  benzoate  daily  simul¬ 
taneously  with  testosterone  did  not  modify  the  response  of  the  bill  to 
testosterone. 

Direct  applications  of  an  alcoholic  solution  of  crude  extracts  of 
testicular  tissue  from  pigs  and  bulls  induced  a  response  identical  with 
that  evoked  by  testosterone  and  androsterone.  The  androgenic  ac¬ 
tivity  of  the  crude  extracts  was  estimated  on  the  basjs  of  the  amount 
of  each  required  for  the  production  of  pigmentation  of  the  bill.  Al¬ 
most  identical  values  were  obtained  when  the  same  extracts  were  as¬ 
sayed  in  capons. 
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WATER  DIURESIS  AND  WATER  INTOXICATION 
IN  RELATION  TO  THE  ADRENAL  CORTEX' 

ROBERT  GAUNT* 

From  the  Department  of  Biology,  Washington  Square  College  of  Arts 
and  Science,  New  York  University 

NEW  YORK,  N.  Y. 

Rowntree  and  coworkers  (1926)  first  described  the  syndrome  of 
water  intoxication.  Further  studies  have  included  those  of  Underhill 
and  Sallick,  1925;  Misawa,  1927;  Harding  and  Harris,  1930;  Smith, 
Deamer  and  Phatak,  1933;  Helwig,  Schutz  and  Curry,  1935;  and 
Davis,  1935.  Hydration,  particularly  of  the  central  nervous  system, 
resulting  from  excess  water  in  the  presence  of  depleted  plasma  elec¬ 
trolytes  has  usually  been  suggested  as  the  cause  of  the  major  symp¬ 
toms,  but  many  details  are  not  clear.  Several  reports  of  full-fledged 
water  intoxication  or  toxic  over-hydration,  aside  from  the  commonly 
known  condition  of  heat  cramps,  have  appeared  in  the  clinical  litera¬ 
ture  (Helwig  et  al.,  1935 ;  Trusler,  Egbert  and  Williams,  1939;  Brown, 
Clark,  Jones,  Walther  and  Warren,  1943),  and  in  various  pathological 
states  is  easy  to  produce  (de  Takats,  1931 ;  Miller  and  Williams,  1921). 

In  contrast  to  the  relatively  few  studies  on  water  intoxication,  the 
general  characteristics  of  a  mild  water  diuresis,  and  the  factors  which 
vary  it,  have  been  extensively  studied  in  connection  with  a  great 
variety  of  physiological  and  pharmacological  problems. 

The  function  of  the  adrenal  cortical  hormones  is  such  that' they 
would  be  expected  to  affect  the  response  of  an  animal  to  water.  This 
was  perhaps  first  noticed  by  Rowntree  and  Snell  (1931)  who  in  kid¬ 
ney  function  studies  reported  that  Addisonian  patients  did  not  show 
a  normal  diuretic  response  to  water.  The  phenomenon  was  studied 
experimentally  by  Rigler  (1935)  who  found  a  delayed  diuresis  and  a 
susceptibility  to  water  intoxication  in  adrenalectomized  mice  given 
fluid  either  intraperitoneally  or  by  mouth.  Swingle,  Parkins,  Taylor 
and  Hays  (1937)  showed  a  high  susceptibility  to  water  intoxication  in 
adrenalectomized  dogs,  as  did  Gaunt,  Remington  and  Schweizer 
(1937)  in  both  adrenalectomized  and  hypophysectomized  rats. 
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Since  that  time  the  response  to  either  large  or  small  doses  of  forced 
water  has  been  used  as  an  indication  of  adrenal  function  in  hypophys- 
ectomized  animals  (Gaunt,  et  al.,  1937),  in  animals  bearing  adrenal 
transplants  (Eversole,  Edelmann  and  Gaunt,  1940)  and  as  part  of  a 
simple  diagnostic  procedure  for  Addison’s  disease  by  Robinson,  Power 
and  Kepler  (1941).  It  has  been  used  as  the  basis  of  an  assay  procedure 
for  cortical  extracts  (Pebranyi,  1941),  for  desoxycorticosterone  (Hays, 
1943),  and  as  a  test  for  urinary  cortical  materials  (Schiller  and  Dorf- 
man,  1943).  The  effects  of  various  steroid  hormones  in  preventing 
water  intoxication  after  adrenalectomy  have  been  studied  with  the 
finding  that  the  sex  hormones  were  ineffective  (Gaunt,  Nelson  and 
Loomis,  1938),  that  desoxycorticosterone  was  effective  (Swingle, 
Remington,  Hays  and  Collings,  1941;  Eversole,  Gaunt  and  Kendall, 
1942)  but  less  so  that  cortical  extract  or  17-hydroxy-ll-dehydrocorti- 
costerone  (Eversole,  et  al.,  1942). 

The  experiments  reported  here  were  designed,  first,  to  study  the 
nature  and  cause  of  the  abnormal  response  to  water  when  the  body 
level  of  cortical  hormone  is  varied,  since  previous  work,  with  one  ex¬ 
ception  (Swingle,  et  al.  1937)  was  concerned  only  wdth  over-all  end 
results.  It  was  hoped  that  such  studies  would  be  helpful  in  indicating 
the  limitations  and  usefulness  of  water  diuresis  and  water  intoxication 
tests  as  measures  of  adrenal  function  or  as  assay  procedures.  Also  in 
the  course  of  this  work  some  detailed  observations  were  made  on  the 
syndrome  of  water  intoxication  in  the  normal  rat,  a  form  hitherto 
little  studied. 

Preliminary  accounts  of  part  of  the  findings  have  been  published 
(Gaunt,  1944  a,  b). 

’  METHODS 

Experiments  were  done  on  male  rats,  fasted  18  hours,  and  approximating 
200  g.  in  weight.  Distilled  water,  warmed  to  body  temperature,  was  given 
by  stomach  tube.®  Adrenalectomized  rats  were  used  either  at  18  hours  or 
from  5  to  10  days  after  operation.  In  the  latter  cases,  only  animals  main¬ 
tained  in  good  health,  and  showing  weight  increases,  on  either  1  per  cent 
NaCl  drinking  solution,  cortical  extract,  or  desoxycorticosterone  acetate 
were  employed.  For  convenience,  these  groups  are  referred  to  subsequently 
as  being  operated  either  one  or  seven  days. 

All  blood  determinations  were  made  on  heart  blood  samples  drawm  im¬ 
mediately  after  the  induction  of  Nembutal  anesthesia.  Blood  samples  from 
the  tail  give  somewhat  different  and  more  erratic  results,  at  least  for  hemato¬ 
crit  and  hemoglobin.  Chloride  was  determined  by  the  method  of  Van  Slyke 

*  The  stomach  tubes  were  ordinary  hypodermic  needles  with  a  small,  smooth  knob 
attached  to  the  tip,  and  were  first  recommended  to  us  some  years  ago  by  Mr.  C.  M. 
Mushett  of  the  Merck  Institute  for  Therapeutic  Research.  It  took  an  average  of  only 
one-half  minute  for  one  person  to  fill  the  syringe,  lift  the  animals  above  their  metabolism 
cages — in  which  position  urine  is  not  lost — and  give  measured  doses  of  water  with  this 
simple  instrument.  The  rat  has  one  great  advantage  for  experiments  of  this  sort:  it 
lacks  the  protective  device  of  a  vomiting  reflex,  and  hence  the  retention  of  measured 
doses  is  assured. 


402 


GAUNT 


Volume  34 


and  Sendroy,  with  the  Eisenmann  digestion  (Peters  and  Van  Slyke,  1932a); 
hematocrit  readings  were  made  on  heparanized  blood  by  the  method  of 
Parpart  and  Ballantine  (1943);  hemoglobin  was  measured  in  an  electro- 
hemometer  (Fisher) ;  plasma  protein  in  a  falling  drop  apparatus  (Eimer  and 
Amend);  blood  sugar  by  the  method  of  Hagedorn  and  Jensen  (Peters  and 
Van  Slyke,  1932b);  blood  pressure,  under  Nembutal  anesthesia,  by  the 
method  of  Duncan,  Hyman  and  Chambers  (1943),  which  is  similar  to  that  of 
of  Griffith,  et  al.  (1942);  and  water  absorption  by  the  method  of  Heller  and 
Smirk  (1932). 

Water  was  given  both  normal  and  adrenalectomized  animals  in  a  series 
of  either  2  or  5  doses  hourly.  To  produce  severe  water  intoxication  in  intact 
animals,  the  water  was  given  at  half-hour  intervals,  generally  with  a  maxi¬ 
mum  of  13  doses.  The  water  dose  in  most  cases  was  3  cc.  per  100  sq.  cm.  of 
body  surface.*  This  approximates  the  conventional  5%  of  body  weight,  and 
was  specifically  9  cc.  for  a  200  gm.  rat — the  size  usually  used.  Doses  calcu¬ 
lated  on  the  basis  of  body  surface  gave  somewhat  more  comparable  results 
between  large  and  small  rats.  Even  with  this  calculation,  however,  better 
results  are  obtained  if  rats  of  closely-matched  weight  were  used,  and  this  was 
done  for  each  individual  experiment. 

There  is  a  distinct  day  to  day  variation  in  the  quantitative  aspects  of 
the  diuretic  response  to  water,  similar  to  that  reported  in  response  to  cold 
(Tyslowitz  and  Astwood,  1942),  and  for  which  no  explanation  is  apparent. 
An  equal  number  of  controls  were  therefore  run  simultaneously  with  all 
experimental  animals.  The  differences  between  the  various  experimental 
groups  considered  here,  however,  were  either  great  or  slight  enough  that 
there  was  little  question  of  significance,  so  similar  experiments  of  different 
days  are  averaged  and  tabulated  together. 

RESULTS 

Water  Excretion.  When  two  doses  of  water  were  given  an  hour 
apart,  the  expected  diuresis  was  clearly  delayed  in  rats  adrenalec¬ 
tomized  for  one  day,  and  almost  absent  in  those  operated  for  one 
week  (Table  1,  Ser.  2,  3).  The  latter,  it  should  be  remembered,  were 
rats  maintained  in  apparent  good  health  and  lacking  the  usual  criteria 
of  adrenal  insufficiency.  Effects  in  the  animals  used  one  day  after 
operation  w  ere  not  due  to  the  surgical  manipulation  as  determined  by 
dummy  operations  (Table  1,  Ser.  4). 

If  5  doses  of  water  were  given  the  difference  between  normal  and 
operated  animals  was  still  greater  (Table  1,  Ser.  5,  6,  7).  Such  doses 
of  water  produced  no  obvious  effects  in  normal  animals,  but  caused 
definite  although  generally  not  lethal  w  ater  intoxication  in  adrenalec¬ 
tomized  rats.  Rats  maintained  on  doses  of  cortical  hormones  which 
maintained  gains  in  w  eight  were  somewhat  more  resistant  to  the  toxic 
effects  of  w  ater  (note  body  temperatures)  but  diuresis  was  only  slightly 
improved  (Table  1,  Ser.  8). 

Convulsions  and  Survival.  Most  adrenalectomized  rats  survive  the 

*  The  body  surface  (S)  was  calculated  from  body  weight  (W)  by  the  formula  of 
Benedict  (1938):  S  =  9.1  XW*/‘. 
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amounts  of  water  given  in  5  doses.  Exact  figures  are  not  available  be¬ 
cause  various  measurements  were  made  in  most  cases  which  compli¬ 
cated  the  mortality  rate.  Slightly  larger  doses  of  w'ater  produce  nu¬ 
merous  deaths  (Eversole,  et  al.,  1942). 

About  60%  of  normal  rats  survive  13  doses  of  water  given  half- 
hourly. 


Table  1.  Water  excretion  and  body  temperature  changes  resulting  from 

WATER  ADMINISTRATION  IN  RATS  RECEIVING  VARIOUS  TREATMENTS 

(Average  water  dose  =  9  cc.) 


Treatment 


No. 

Animals 


Per  Cent  Water  Excreted  at  the 
following  hours 


1st  2nd  3rd  4th  5th  6th  7th  9th 


Received  2  doses  of  water  at  0  and  1st  hours 


Series  1 

Normal  Controls 

94 

99.6^ 

25 

47 

98.4 

92 

Series  2 

Adx.  1  Day  Untreated 

40 

99.5 

18 

28 

98.0 

54 

Series  3 

Adx.  7  Days  Salt-treated 

23 

97.9 

4 

7 

96.9 

8 

93.4 

•8 

Series  4 

Dummy  Adx. 

6 

23 

47 

78 

93 

Received  5  doses  of  water  at  0-4th  hours 


Series  5 

Normal  Controls 

54 

99.4 

19 

43 

55 

98.9 

64 

98.7 

68 

75 

90 

94 

Series  6 

Adx.  1  Day  Untreated 

37 

99.5 

18 

28 

97.3 

28 

96.8 

27 

94.3 

25 

91.2 

36 

42 

Series  7 

Adx.  7  Days  Salt-treated 

5 

98.3 

8 

7 

7 

6 

90. 

6 

88 

6 

Seriws  8  Adx.  7  Days 

DCA  or  Cortin  Treatment 

15 

98. 

4 

6 

8 

95.7 

9 

94.5 

9 

92.1 

12 

Received  8-13  doses  of  water  at  half-hour  intervals 

Series  9 

Normal  Animals* 

31 

99.4 

9 

22 

96.3 

31 

94.2 

35 

91.0 

1  39 

41 

87.2 

37 

*  Body  temperature. 

*  40%  Died. 


Rowntree  (1926)  described  the  symptoms  of  water  intoxication 
in  various  mammals,  giving  brief  reference  to  the  rat.  Convulsions 
are  the  most  striking  feature.  In  normal  animals  these  may  be  only 
mild  interruptions  of  a  semi-prostrate  condition,  but  more  often  are 
of  the  grand  mal  type  and  of  remarkable  violence.  The  seizures  may 
follow  as  few  as  six  doses  of  water  in  normal  animals,  but  it  usually 
takes  10-13  to  produce  them.  They  do  not  necessarily  indicate  the 
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imminence  of  death  and  may  be  repeated  several  times.  There  was 
no  consistent  relation  between  convulsions,  the  body  temperature, 
the  amount  of  water  retained,  or  any  other  variable  measured. 

In  adrenalectomized  rats,  it  was  impossible  to  produce  with  any 
dosage  of  water  the  violent  convulsions  characteristic  of  normal  ani¬ 
mals.  Tremors  were  nearly  always  present,  mild  convulsions  might 
occur,  but  the  predominant  state  was  one  of  flaccid  collapse.  This 
possibly  was  due  to  the  characteristic  asthenia  of  adrenal  insufliciency 
which  made  the  animals  incapable  of  demonstrating  such  convulsions. 

Body  temperature  (Table  1).  Rectal  temperature  measurements 
gave  the  most  reliable  accessory  index  which  we  found  of  the  progress 
and  extent  of  a  state  of  water  intoxication.  Temperature  gradually 
drops  to  approximately  85°F  and  sometimes  lower  (room  tempera¬ 
ture,  75®F)  before  death.  Recovery  is  sometimes  possible,  if  water 
administration  is  stopped,  when  the  temperature  is  reduced  to  85°F.® 
Arbitrarily  water  intoxication  was  said  to  be  present  when  tempera¬ 
ture  fell  to  approximately  91°F. 

Effect  of  cortical  hormones  on  water  diuresis  in  adrenalectomized  ani¬ 
mals.  Previous  work  has  shown  that  cortical  extract,  17-hydroxy-ll- 
dehydrocorticosterone,  or  desoxycorticosterone  in  moderate  dosage 
will  permit  an  essentially  normal  elimination  of  water  in  rats  operated 
for  one  day  (Eversole,  et  al.,  1942).  We  found,  however,  entirely  dif¬ 
ferent  results  in  rats  operated  for  a  week  or  longer.  In  such  cases,  2  to 
4  mg.  of  desoxycorticosterone  acetate  or  3  to  4  cc.  of  cortical  extract, 
were  given  in  divided  dosages  beginning  at  the  time  of  the  pre-experi- 
mental  fast,  i.e.,  18  hours  before  the  water  was  given.  The  animals 
had  been  maintained  on  smaller  doses  before  the  test.  Results  were 
highly  variable  and  hence  average  results  are  not  quoted  in  the  tables. 
In  31  animals  receiving  desoxycorticosterone,  19  showed  no  apparent 
benefit,  and  the  response  of  the  remainder  was  generally  poor  but  oc¬ 
casionally  approached  normal.  Eleven  cases  received  cortical  extract 
of  which  4  showed  no  improvement  in  diuresis,  with  variation  from 
poor  to  normal  response  in  the  remainder. 

No  reason  is  apparent  for  this  refractoriness  in  well-maintained 
animals,  but  it  may  have  its  counterpart  in  the  persisting  renal  de¬ 
ficiencies  reported  by  Talbot,  Pecora,  Melville  and  Consolazio  (1942) 
in  otherwise  adequately  treated  Addisonians. 

Effect  of  cortical  hormones  on  water  intoxicalion  in  intact  rats.  There 
are  relatively  few  instances  in  which  cortical  hormones  have  been 
shown  to  provide  a  clear-cut  life-maintaining  protection  in  intact 
animals  subjected  to  stresses  which  are  ordinarily  lethal  (Swingle  and 
Remington,  1944).  One  example  is  that  of  protection  against  potas- 
.sium  intoxication  (Zwemer  and  Truzkowski,  1937;  Truzkowski  and 
Duszynska,  1940).  Protection  against  water  intoxication  is  another. 

Normal  animals  were  divided  into  two  groups.  One,  the  controls, 
received  water  at  half-hour  intervals  until  all  were  dead  of  water  in- 
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toxication.  The  second  group  was  treated  with  large  doses  of  either 
cortical  extract  or  desoxycorticosterone,  and  received  the  amount  of 
water  necessary  to  kill  the  last  surviving  control.  All  but  one  of  15 
treated  animals  lived,  i.e.,  outlived  their  most  resistant  controls. 
Tabular  data  has  been  presented  in  a  preliminary  report  (Gaunt, 
1943). 

Subsequent  studies  on  various  blood  constituents,  blood  pressure, 
etc.,  in  extract-treated  and  control  animals  have  been  made  without 
as  yet  obtaining  any  clear  indication  of  the  means  by  which  the 
hormone  exerted  its  protective  effects  except  for  the  general  fact  that 


Table.  2.  Average  figures  on  absorption  and  excretion 

OF  WATER  GIVEN  BY  MOUTH 

(All  figures  in  cc.  per  100  gm.  body  wgt.) 


Treatment 

No. 

Ani¬ 

mals 

Water 

Given 

Water 

Ex¬ 

creted 

Water 

in 

Stom¬ 

ach 

Water 

in 

Intes¬ 

tine 

Water 

Ab¬ 

sorbed 

Unex- 

creted^ 

Lost* 

Killed  1  hr.  after  receiving  2nd  of  2  doses  of  water 

Normal  Controls 

8 

9.7 

3.7 

0.07 

0.8 

3.9 

1.2 

Adx.  1  Day  untreated 

6 

10.0 

2.1 

1.0 

2.2 

3.3 

1.4 

Adx.  7  days  Salt-treated 

7 

1 

9.8 

.1 

1.6 

2.4 

4.5 

1.2 

Killed  1  hr.  after  receiving  5th  of  5  doses  of  water 

N  ormal  Controls 

6 

24.8 

15.4 

1 

0.3 

6.4 

2.2 

Adx.  1  day  untreated 

6 

24.7 

4.4 

1  4.2 

3.8 

9.4 

2.9 

Note:  Weights  of  the  stomachs  and  intestines  of  10  fasted,  control,  normal  and 
adrenalectomized  rats  were  0.87  (.77-1.1)  and  4.90  (4. 2-5. 4)  gms.  per  100  gm.  body 
weight  respectively.  Any  increase  in  that  weight  in  the  above  cases  was  taken  as  the 
water  contained. 

‘  Estimated  by  increase  in  body  weight  minus  increase  in  gut  weight. 

•  Represents  insensible  water  loss,  loss  of  weight  from  defecation,  loss  of  urine  by 
evaporation  from  collecting  apparatus,  etc. 


it  maintained  a  higher  diuretic  rate  and  body  temperature.  The  bene¬ 
ficial  action  was  not  associated  with  a  salt  retention  as  w'as  a  some¬ 
what  similar  protective  action  of  thyroxin  (Gaunt,  Cordsen  and  Liling 
— unpublished  data). 

Causes  of  deficient  diuresis  in  adrenalectomized  rats.  Stated  in  gen¬ 
eral  terms,  there  are  two  reasons  for  the  loss  of  water  diuresis  seen  in 
adrenalectomized  rats:  first,  a  delayed  intestinal  absorption  of  water; 
and,  secondly,  a  delayed  rate  of  excretion  of  water  that  is  absorbed. 

Intestinal  absorption  (Table  2)  was  measured  by  weighing  the 
stomach  and  intestines  at  set  intervals  after  water  was  given  and 
comparing  these  w^eights  to  those  of  animals  similarly  fasted  but 
receiving  no  water  (Heller  and  Smirk,  1932). 


V 
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In  normal  animals,  absorption  kept  pace  with  the  administration 
of  water,  at  the  rate  water  was  given  here,  except  during  the  terminal 
stages  following  the  large  doses. 

In  adrenalectomized  rats,  however,  both  the  emptying-time  of  the 
stomach  and  intestinal  absorption  were  greatly  delayed.  In  the  series 
receiving  only  2  doses  of  water,  this  delay  in  absorption  was  sufficient 
to  account  largely  for  the  lack  of  diuresis. 

In  the  adrenalectomized  animals  given  5  doses  of  water,  a  subnor¬ 
mal  intestinal  absorption  was  even  more  apparent,  but  in  addition  it 


Table  3.  Excretion  of  0.45%  nacl  solution  (5%  of  body  weight) 

GIVEN  INTRAPERITONEALLY 


Treatment 

No. 

Percent  Fluid  Excreted  at  Hours 

Animals 

1st 

2nd 

3rd 

4th 

Normal  Controls 

17 

■B 

45 

50 

64 

Adx.  1  Day  Untreated 

6 

mm 

33 

54 

Adx.  7  Days  Salt  Treated 

16 

SB 

11 

17 

31 

Table  4.  Absorption  and  excretion  of  0.45%  nacl  solution 

GIVEN  INTRAPERITONEALLY 

(Animals  killed  1.5  hour  after  injection.  All  figures  in  cc.  per  100  gm.  body  wgt.) 


Treatment 

No. 

Animals 

Fluid 

Given 

Fluid 

Excreted 

Fluid  in 
Peri¬ 
toneal 
Cavity 

Fluid 

Ab¬ 

sorbed 

Unexcre- 

creted‘ 

Lost* 

Normal  Controls 

6 

5.0 

1.7 

1.9 

1.0 

0.4 

Adx.  7  Days  Salt- 
treated 

6 

5.0 

0.2 

1.9 

2.4 

0.4 

‘  Estimated  by  increase  in  body  weight  minus  fluid  left  in  peritoneal  cavity. 

*  Represents  insensible  water  loss,  loss  of  weight  from  defecation,  loss  of  urine 
by  evaporation  from  collecting  apparatus,  etc. 


was  seen  that  the  water  which  was  absorbed  accumulated  in  the  bod¬ 
ies  of  these  animals  and  was  not  excreted  normally. 

Absorption  and  excretion  of  fluid  from  the  peritoneal  cavity  (Tables 
3  and  4).  To  determine  how  fluid  was  handled  when  the  factor  of  de¬ 
layed  intestinal  absorption  was  eliminated,  intraperitoneal  injections 
w'ere  made.  Five  cc.  per  100  gm.  of  0.45%  NaCl  were  used,  since  dis¬ 
tilled  water  is  somewhat  toxic  when  given  intraperitoneally.  In  ani¬ 
mals  adrenalectomized  for  one  day  the  resulting  diuresis  was  only 
slightly  slower  than  in  normal  rats  (Table  3).  In  animals  operated  for 
a  week,  however,  diuresis  was  markedly  delayed.  In  these  latter  ani¬ 
mals  it  was  shown  that  absorption  from  the  peritoneal  cavity  had 
been  at  a  normal  rate,  but  that  the  absorbed  fluid  was  not  norraally 
excreted  (Table  4). 
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Combining  these  observations  with  those  in  which  water  was  given 
by  mouth,  it  would  seem  that  there  is  developed  very  rapidly  follow¬ 
ing  adrenalectomy  a  deficiency  in  intestinal  absorption,  and  secondar¬ 
ily  and  more  slowly  an  interference  with  the  excretory  mechanism. 

Changes  in  the  blood  and  urine  following  the  administration  of  water. 
In  normal  dogs,  it  has  been  generally  reported  that  the  administration 
of  toxic  doses  of  water  caused  a  marked  blood  dilution,  as  judged  by 
hematocrit,  hemoglobin  and  plasma  protein  levels.  Smith,  et  al.  (1933) 
however,  noted  that  this  was  likely  to  be  less  after  large  than  small 
doses  of  water. 

It  has  been  generally  found  that  the  level  of  plasma  electrolyte, 
and  of  chloride  in  particular,  dropped  more  than  could  be  accounted 

Table  5.  Chloride  excretion  during  administration  of  water 
(Expressed  as  mg.  NaCl) 


Cl  excreted  at  following  hours: 


Treatment 

No. 

Cases 

3rd 

5th 

6th 

mg/cc. 

Total 

Total 

Total 

Received  5  doses  of  water  at  0-4th  hours 

Normal  Controls 

17 

1.00 

16.0 

Normal  Controls 

11 

25.0 

Adx.  1  Day 

15 

0.96 

6.3 

Adx.  1  Day 

9 

12.0 

Received  10-13  doses  of  water  at  half-hour  intervals 

Normal  Animals 

18 

1.53 

25.5 

Normal  Animals 

29 

81.0 

for  by  blood  dilution  or  by  renal  loss  (Rowntree,  1926;  Smith,  et  al., 
1933). 

In  the  rat,  however,  a  considerably  different  situation  obtains. 

1)  Chloride  excretion  (Table  5).  The  total  external  chloride  loss  in 
normal  rats  in  water  infoxication  is  large  (80  mg.  NaCl)  and  relatively 
much  greater  than  in  the  dog.  Most  of  this  comes  through  the  kidney, 
but  sizable  portions  are  lost  as  a  result  of  diarrhea.  A  clear  separation 
of  the  two  sources  could  not  be  obtained. 

Adrenalectomized  animals  lose  much  less  chloride  externally,  due 
largely  to  the  fact  that  although  diarrhea  is  generally  present  little 
came  through  the  kidneys. 

2)  Plasma  chloride  (Table  6).  The  level  of  plasma  chloride  is  re¬ 
duced  even  by  small  doses  of  water,  and  the  larger  doses  produced 
severe  depletion.  For  a  given  water  dose,  however,  the  reduction  in 
the  chloride  concentration  was  always  greater  in  adrenalectomized 
than  in  normal  animals,  despite  the  fact  that  the  adrenalectomized 
rats  lost  less  chloride  externally.  This  apparent  discrepancy  could  be 
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entirely  accounted  for  at  the  stages  measured  by  a  shift  of  chloride 
(about  30  mg.  NaCl  per  100  g.  body  weight  after  5  doses  of  water)  to 
the  unabsorbed  fluid  of  the  gut  in  adrenalectomized  animals. 

It  was  also  clear,  however,  that  toxic  symptoms  appeared  at  higher 
chloride  levels  in  adrenalectomized  than  in  normal  animals. 

3)  Hematocrit  (Table  6).  A  significant  fall  in  the  hematocrit  w'as 
not  seen  at  any  stage  of  hydration  measured  in  either  normal  or 


Table  6.  Mean  changes  in  the  blood  following 

THE  ADMINISTRATION  OF  WATER 

(Average  water  dose  =9  cc.) 


Type  of 
animal 

Hematocrit 

% 

Plasma 
protein 
gm.  % 

Plasma 

chloride 

M.eq.-L 

No. 

1  animals 

Samples  taken  1  hr.  after  2nd  of  2  doses  of  water  at  hour  intervals 

Normal  Controls 

44.4 

5.85 

102.9 

11 

Adx.  1  Day 

50.7 

5.46 

98.6 

9 

Samples  taken  1  hr.  after  5th  of  5  doses  of  water  at  hour  intervals 


Normal  Controls 

44.6 

5.50 

96.3 

15 

Adx.  1  Day 

53.4 

4.66 

85.2 

16 

Samples  taken  i  hr.  after  5  doses  of  water  at  i  hour  intervals 

Normal 

46.7 

5.10 

6 

Samples  taken  J  hr.  after  8-10  doses  of  water  at  J  hr.  intervals 

Normal 

47.3 

5.30 

4 

Samples  taken  when  near  death  after  11-13  doses  H2O  at  1  hr.  intervals 

Normal 

50.0 

5.21 

70.1 

15 

Normal  Controls — 

44.7 

6.03 

108.4 

No  Water* 

(23) 

(13) 

(21) 

Adx.  Controls — 

45.5 

6.40 

-  107.3 

No  Water* 

(7) 

(8) 

(8) 

*  Number  of  cases  indicated  in  parenthesis. 


adrenalectomized  rats.  In  the  latter  there  was  a  consistent  and  un¬ 
mistakable  rise  of  hematocrit  after  any  dosage  of  water  used,  and 
the  same  was  seen,  to  a  lesser  extent,  in  normal  animals  given  intoxi¬ 
cating  doses  of  water. 

Hemoglobin  readings  were  made  only  in  part  of  the  cases.  In 
adrenalectomized  animals,  hemoglobin  was  clearly  elevated  but  prob¬ 
ably  to  a  less  extent  than  the  hematocrit;  in  normal  animals,  the  fig¬ 
ures  were  inconsistent,  but  hemoglobin  did  not  rise  invariably  with 
the  hematocrit.  These  results  resemble  those  seen  by  Griffith,  et  al. 
(1937)  in  rats  injected  with  water  under  different  conditions. 
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The  elevations  in  hematocrit  values  were  associated  with  the  al¬ 
most  invariable  appearance  of  hemolysis  in  the  blood  of  intoxicated 
animals,  both  normal  and  adrenalectomized.  This  may  have  been  the 
result  of  handling,  since  the  red  cells  of  the  rat  are  easy  to  hemolyze, 
but  it  did  not  occur  in  normal  blood,  and  indicated  the  presence  of 
weakened  (swollen?)  erythrocytes. 

4)  Plasma  protein  (Table  6).  In  adrenalectomized  animals,  plasma 
protein  levels  fell  markedly  and  consistently  with  a  reduction  of  over 
25%  in  intoxication. 

In  normal  animals,  there  w  as  a  tendency  for  protein  loss,  but  there 
was  also  overlapping  with  normal  ranges,  and  intoxication  symptoms 
could  and  did  occur  with  normal  protein  levels. 

5)  Blood  sugar  (Table  7).  As  would  be  anticipated  adrenalecto¬ 
mized  animals  had  a  blood  sugar  level  somewhat  lower  than  normal 
after  the  preliminary  18-hour  fast.  There  w'as  no  indication,  however. 


Table  7.  Blood  sugar  changes  following 

THE  ADMINISTRATION  OF  WATER 


Normal 

Adrenalectomized 

Demedullated 

Treatment 

No. 

Cases 

Blood 

Sugar 

Blood 

Sugar 

No. 

Cases 

Blood 

Sugar 

No. 

Cases 

18  hr.  Fast — No  Water 

8 

119 

97 

11 

1  hr.  after — 2  doses  of  W’^ater 

6 

135 

98 

10 

1  hr.  after— 5  doses  of  W^ater 

3 

144 

93 

8 

i  hr.  after — 11-13  doses  of 
W'ater 

6 

185 

114 

6 

that  the  administration  of  water  forced  this  level  lower,  or  that  it 
dropped  sufficiently  to  account  for  the  symptoms  seen.  When  extra 
carbohydrate  was  made  available  by  giving  2  or  4  per  cent  glucose 
solutions  instead  of  distilled  water  by  stomach  tube,  symptoms  were 
not  prevented. 

In  normal  animals  forcing  water  elevated  the  blood  sugar,  par¬ 
ticularly  in  terminal  stages.  This  rise  was  apparently  due  to  adrenal 
medullary  activity,  since  demedullated  animals  given  water  to  the 
limit  of  tolerance,  did  not  show  it. 

Blood  pressure  and  the  maintenance  of  circulation.  Adrenalectomized 
animals  are  susceptible  to  almost  any  kind  of  stress  and  typically 
respond  to  it  by  a  precipitous  fall  in  blood  pressure,  and  other  symp¬ 
toms  of  shock.  Water  intoxication  is  a  striking  exception  to  this  gen¬ 
eral  rule  as  far  as  blood  pressure  is  concerned. 

Water,  even  in  moderate  dosage,  induced  a  sedative  effect  remov¬ 
ing  the  necessity  for  an  anesthetic  in  taking  blood  pressure  by  the 
method  used  here.®  So  our  figures  are  really  comparisons  of  normal 

*  The  more  convenient  technique  of  W'illiams,  Harrison  and  Grollman  (1939)  in 
taking  blood  pressure  in  rats  could  not  be  used  in  adrenalectomized  animals  after  water, 
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and  adrenalectomized  animals  given  Nembutal  to  similar  animals 
after  intoxicating  doses  of  water  (temperature  90°F  or  below).  While 
the  Nembutal  probably  reduced  pressure  somewhat,  water  reduced  it 
no  more  or  even  less.  The  figures  follow:  12  normal  rats  had  pressures 
of  97.5  (85-111)  mm.  Hg.;  16  cases  in  water  intoxication  had  an  aver¬ 
age  pressure  of  97  (80-110).  Eighteen  adrenalectomized  rats,  either 
operated  one  day  or  maintained  on  salt  for  longer  periods,  had  pres¬ 
sures  averaging  80  (75-110);  after  intoxicating  doses  of  water,  in  12 
cases  the  pressure  was  88.6  (70-110).® 

While  the  initially  low  pressures  in  adrenalectomized  animals  pre¬ 
sumably  contributed  somewhat  to  their  lack  of  normal  diuresis,  they 
were  never  low  enough  to  account  for  the  terminal  collapse.  Similar 
results  are  apparent  in  the  tables  of  Swingle,  et  al.  (1937)  on  dogs. 

Also  at  these  stages  the  cutaneous  circulation,  routinely  observed 
in  the  interdigital  web  in  taking  pressures,  seemed  to  be  normal.  This 
is  in  contrast  to  observations  in  certain  shock-like  states  (Joseph, 
Schweizer  and  Gaunt,  1943).  Small  cutaneous  injuries  produced  free 
bleeding. 

Pathology  (these  observations  are  based  upon  the  microscopic 
preparations  and  studies  of  Miss  Margaret  Cordsen.)  In  other  species 
pathological  changes  in  water  intoxication  have  been  in  general  hard 
to  detect,  although  cerebral  swelling  (Helwig,  et  al.,  1935)  and  mild 
edematous  findings  in  other  tissues  have  been  occasionally  reported 
(Rowntree,  1926). 

In  the  rat,  however,  a  definite  pathology  was  generally,  but  not 
invariably,  apparent  in  the  lungs.  Grossly,  the  lungs  appeared  irregu¬ 
larly  hemorrhagic.  Histological  evidence  showed  passive  congestion 
with  very  few  extravasated  erythrocytes.  A  slight  pulmonary  edema 
was  seen  in  the  affected  areas.  In  extreme  cases  the  air  spaces  w^ere 
almost  completely  collapsed. 

The  viscera  were  distinctly  and  abnormally  moist,  but  there  was 
no  frank  ascites  or  pleural  exudate.  Neither  was  there  any  sign  of  gross 
edema  in  any  tissue  of  the  body,  nor  w  as  there  any  interstitial  edema, 
in  the  microscopic  preparations  of  the  kidney. 

In  the  kidneys^  of  normal  animals  the  only  deviation  from  normal 
was  a  dilation  of  Henle’s  tubules.  In  adrenalectomized  animals  this 


perhaps  because  the  low  temperature  or  other  changes  prevented  the  cutaneous  re¬ 
sponse  to  heat  on  which  the  determinations  depend.  The  heating  in  these  cases  was 
also  frequently  lethal. 

The  somewhat  higher  pressure  values  reported  here  as  compared  to  previous  studies 
(Joseph,  Schweizer  and  Gaunt,  1943),  are  undoubtedly  more  nearly  correct  and  are 
due  to  minor  changes  in  the  equipment  and  the  technique  of  its  use. 

*  Oxygen  consumption  was  about  40%  below  normal  in  5  animals  whose  tempera¬ 
tures  had  been  reduced  to  less  than  90°F  by  water.  These  measurements  were  kindly 
made  for  us  by  Dr.  Malvina  Schweizer. 

’  We  are  indebted  to  Drs.  W.  0.  Nelson  and  L.  Berman  of  Wayne  University  for 
examining  these  kidney  preparations  for  us. 
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same  dilation  was  apparent,  and  in  addition  there  was  congestion  of 
the  blood  vessels,  less  in  the  glomeruli  than  in  the  arteriolae  rectae 
and  interlobular  vessels.  The  cells  of  the  convoluted  tubules  were 
swollen  and  the  brush  borders  more  evident  than  in  normal  animals. 
Some  nuclei  were  very  pale.  Vacuoles  (hydropic  degeneration)  and 
cloudy  swelling  occurred  in  some  convoluted  tubules.  These  changes 
were  not  due  entirely  to  water  administration  since  they  were  appar¬ 
ent  to  a  lesser  extent  in  adrenalectomized  rats  maintained  on  salt. 

Brief  intervals  of  hematuria  were  occasionally  observed  (less  than 
10%  of  the  cases)  in  both  normal  and  adrenalectomized  rats  during 
intoxication. 

The  functional  significance  of  these  renal  changes  is  obscure,  but 
the  absence  of  specific  glomerular  damage  and  dilation  of  Henle’s 
loops  may  indicate  that  filtration  can  occur  even  in  those  cases  where 
there  is  practically  no  urine  output. 

DISCUSSION 

The  loss  of  the  natural  diuretic  response  to  water  in  the  absence 
of  adequate  amounts  of  cortical  hormone,  and  the  opposite  effects  in 
overdosage  experiments,  is  of  such  a  prompt  and  dramatic  sort  as  to 
constitute  a  problem  of  considerable  physiologic  interest.  In  addition, 
it  invites  attention  as  a  simple  test  for  adrenal  function  or  as  an  assay, 
procedure  for  cortical  hormones,  and  has,  in  fact,  been  used  for  such 
purposes.  This  then  raises  question  as  to  the  mechanism  of  the  effect 
and  factors  which  vary  it. 

Mechanism.  As  previously  noted,  the  delay  in  water  excretion  is 
due  in  the  first  place  to  a  lethargic  emptying  of  the  stomach  and  de¬ 
layed  intestinal  absorption.  The  former  may  be  only  an  expression  of 
a  generalized  asthenia.  The  latter  is ‘likely  the  indirect  result  of  the 
previously  demonstrated  inability  of  adrenalectomized  animals  to 
absorb  electrolytes  normally  (Clark,  1939;  Dennis  and  Wood,  1940; 
Stein  and  Wertheimer,  1941).  When  water  is  introduced  into  the  gut, 
salts  will  be  transferred  out  into  the  water  by  diffusion  and  secretion, 
and  the  inability  to  reabsorb  the  salts  will  by  osmotic  action  delay  the 
absorption  of  the  water. 

The  lack  of  expected  diuresis  in  adrenalectomized  animals  is  also 
due  in  part  to  an  inability  to  excrete  normally  water  that  is  ab¬ 
sorbed.  The  specific  basis  for  such  a  deficiency  is  less  clear.  One  con¬ 
tributory  factor  is  a  slight  but  not  critical  hypotension.  Specific  renal 
deficiencies  are  probably  involved.  Certainly  they  exist  in  adrenalec¬ 
tomized  animals  (Swingle  and  Remington,  1944) — even  in  the  ab¬ 
sence  of  the  usual  criteria  of  adrenal  insufficiency  (Talbot,  et  al., 
1942).  An  increased  renal  reabsorption  of  water  has  been  reported  in 
adrenalectomized  rats  (Gersh  and  Grollman,  1939),  but  this  was  con¬ 
sidered  a  purposeful  mechanism  to  prevent  dehydration. 

The  question  is  raised  then  as  to  whether  the  neurohypophysis 
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could  have  been  activated  to  elaborate  antidiuretic  hormone  and 
cause  deleterious  water  reabsorption.  Accepted  theory  has  it  that 
the  posterior  lobe  hormone  is  released  when  there  is  need  for  water 
conservation.  Gersh  and  Grollman  (1939)  thought  that  it  was  not  in¬ 
volved  in  adrenal  insufficiency  under  the  conditions  studied  by  them, 
although  the  work  of  Martin,  et  al.  (1939)  might  be  interpreted  other¬ 
wise.  The  experiments  of  Chen  and  Geiling  (1943),  however,  eliminate 
by  implication  the  posterior  pituitary  from  responsibility  for  the 
antidiuretic  influence  seen  here  in  adrenalectomized  rats.  They  found 
that  hypophysectomized  rats  failed  to  show  a  normal  diuretic  re¬ 
sponse  to  water,  and  that  this  occurred  w'hether  or  not  the  posterior 
lobe  was  intact  or  removed.  Joseph,  Schweizer,  Zinken  and  Gaunt 
(unpublished)  have  found  that  this  deficiency  in  hypophysectomized 
animals  is  due  primarily  to  hypofunction  of  the  adrenal  cortex.  If  the 
posterior  pituitary  is  not  involved  in  one  case,  it  presumably  is  not  in 
the  other. 

Blood  changes  and  water  distribution.  Our  observations  confirm 
those  of  others  who  found  the  symptoms  of  w'ater  intoxication  in  nor¬ 
mal  animals  associated  with  a  marked  decline  in  extracellular  electro¬ 
lyte  (NaCl)  concentration.  If  this  concentration  is  increased  by  the 
injection  of  hypertonic  NaCl  the  symptoms  of  intoxication  are  re¬ 
lieved  promptly  (Rowmtree,  1926;  and  others)  even  without  immedi¬ 
ate  change  in  the  total  water  load.  We  have  found  (unpublished) 
that  the  injection  of  only  1  cc.  per  hour  of  normal  saline,  while  large 
doses  of  water  are  being  given  by  mouth,  increased  diuresis,  extended 
life  and  prevented  the  hematocrit  rise  in  normal  rats.  This  effect 
of  NaCl  is  probably  in  large  part  or  wholly  the  simple  one  of  decreas¬ 
ing  cellular  hydration  by  osmotic  action.  Urea,  w  hich  can  enter  cellu¬ 
lar  as  well  as  extracellular  fluid,  has  no  such  protective  action  (Hard¬ 
ing  and  Davis,  1930;  Smith,  et  al.,  1933). 

The  loss  of  extracellular  chloride,  which  occurred  primarily 
through  the  kidneys  in  normal  animals  and  largely  into  the  gut  in 
adrenalectomized  animals,  was  of  such  magnitude  that  little  if  any  of 
the  administered  w  ater  could  have  been  retained  to  expand  the  extra¬ 
cellular  fluid  volume.  In  fact,  in  severe  intoxication,  the  extracellular 
fluid  w  as  probably  contracted. 

This  would  mean  that  the  large  amounts  of  absorbed-unexcreted 
w  ater  must  have  been  entirely  inside  of  cells  (or  in  some  special  un¬ 
identified  fluid  reservoir  such  as  the  liver.  Cf.  Pick,  1929).  Cell  swell¬ 
ing  should  result,  in  which  the  erythrocytes  might  be  expected  to 
share — hence  explaining  the  high  hematocrit  values  seen  here.  The 
susceptibility  of  the  red  cells  to  hemolysis  was  consistent  with  the 
idea  of  cell  swelling. 

In  this  respect  the  dog  may  differ  from  the  rat.  The  dog  excretes 
much  less^hloride,  and  this  relative  retention  of  salt  would  permit 
the  retention  of  part  of  the  absorbed  fluid  in  the  extracellular  com- 
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partment,  thus  affording  a  basis  for  the  usual  reduction  in  hematocrit 
and  hemoglobin  levels  in  the  dog  which  were  not  seen  in  the  rat. 

The  fall  in  the  concentration  of  chloride  in  the  plasma  (and  pre¬ 
sumably  in  other  extracellular  fluid)  could  apparently  be  accounted 
for  entirely  in  the  rat  by  renal  excretion,  diarrheal  elimination  and  by 
a  shift  to  the  gut.  There  was  no  need  then  to  postulate  abnormal  ac¬ 
cumulation  of  electrolyte  in  the  liver  or  elsewhere,  as  has  been  re¬ 
ported  in  the  dog  (Helwig,  et  al.,  1935). 

The  reaction  of  body  cells,  particularly  those  of  the  central  nerv¬ 
ous  system,  to  dilution  and  swelling,  and  to  the  exposure  to  a  hypo¬ 
tonic  environmental  fluid  is  a  likely  cause  of  the  violent  convulsions 
and  other  symptoms  in  water  intoxication.  The  possible  role  of  a 
varying  intracranial  pressure  under  these  specific  conditions  has  not 
been  well  investigated. 

Finally,  it  is  possible  from  the  reports  of  Cohn  and  Soskin  (1943) 
that  the  drop  in  oxygen  consumption  and  body  temperature  seen  here 
is  associated  directly  with  the  chloride  loss. 

Sensitivity  of  adrenalectomized  rats.  The  adrenalectomized  rats  dif¬ 
fered  from  normal  ones  in  several  respects  aside  from  differences  in 
the  rate  of  water  elimination:  1)  The  plasma  depletion  of  chloride  was 
due  largely  to  a  shift  to  the  unabsorbed  fluid  of  the  gut,  rather  than 
to  an  external  loss.  2)  Plasma  protein  was  lost  in  large  quantities,  pre¬ 
sumably  as  a  result  of  capillary  leakage.  Such  leakage  has  been  de¬ 
scribed  by  Cope,  et  al.  (1942)  in  adrenal  insufficiency.  3)  There  is  some 
“sensitivity  to  hydration”  (Swingle,  Remington,  etal.,  1941),  perhaps 
associated  with  the  protein  loss,  which  causes  toxic  symptoms  to  ap¬ 
pear  at  lesser  levels  of.  fluid  retention  and  higher  levels  of  plasma 
chloride  than  in  normal  animals. 

The  bearing  of  these  results  on  the  use  of  water  diuresis  and  in¬ 
toxication  tests  as  diagnostic  measures  in  adrenal  dysfunction,  or  as 
assay  procedures,  will  be  considered  later  in  connection  with  a  specific 
study  of  a  series  of  abnormal  conditions. 

SUMMARY 

A  study  of  water  diuresis  and  water  intoxication  in  rats  with 
relation  to  adrenal  cortical  function  has  led  to  the  following  conclu¬ 
sions. 

After  adrenalectomy  there  is  a  prompt  diminution  in  the  diuretic 
response  to  water  and  a  susceptibility  to  water  intoxication.  If  a  week 
elapses  after  adrenalectomy,  even  in  animals  maintained  in  good 
health  with  replacement  therapy,  the  diuretic  response  to  water  is 
almost  lost.  Animals  operated  for  one  day  are  readily  responsive  to 
replacement  therapy;  those  operated  for  a  week  give  erratic  responses. 
The  diuretic  response  to  saline  solution  given  intraperitoneally  is  also 
subnormal,  particularly  if  a  few  days  elapse  after  adrenalectomy. 
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Normal  rats  can  be  protected  from  otherwise  lethal  water  intoxi¬ 
cation  by  either  desoxycorticosterone  or  cortical  extract. 

Measurements  of  the  reduction  in  body  temperature  give  a  reliable 
indication  of  the  progress  and  extent  of  water  intoxication  in  both 
adrenalectomized  and  normal  rats. 

There  are  two  somewhat  separable  factors  accounting  for  the  lack 
of  water  diuresis  in  adrenalectomized  rats:  a)  a  delayed  intestinal  ab¬ 
sorption  and  emptying-time  of  the  stomach;  and,  b)  an  inability  to 
excrete  water  that  is  absorbed. 

Normal  rats  lose  large  amounts  of  chloride  through  the  kidney 
and  by  diarrhea  when  forced  into  water  intoxication.  Adrenalec¬ 
tomized  rats  lose  considerable  chloride  by  diarrhea,  relatively  little 
in  the  urine  because  of  the  slight  diuresis,  but  large  amounts  are 
shifted  into  the  unabsorbed  fluid  of  the  gut.  There  is  a  large  fall  in 
plasma  chloride  concentration  which  can  be  accounted  for  in  most 
groups  by  the  external  loss  and  shift  to  the  gut  without  the  assumption 
of  an  increase  in  extracellular  fluid  volume.  There  is  little  if  any 
edema  and  no  ascites. 

Per  cent  of  red  cells  increases  in  water  intoxication,  particularly  in 
adrenalectomized  animals,  apparently  due  in  part  to  cell  swelling,  and 
associated  with  hemolysis. 

Pl^ma  protein  falls  in  all  groups,  but  to  a  much  greater  extent  in 
adrenalectomized  animals,  presumably  because  of  capillary  leakage. 
Circulation  and  blood  pressure  is  relatively  well-main^ined  in 
adrenalectomized  animals  in  water  intoxication. 

Blood  sugar  levels,  initially  somewhat  low  in  adrenalectomized 
animals,  are  not  changed  by  water  administration.  In  normal  animals 
there  is  a  rise  in  blood  sugar  as  intoxicating  levels  of  hydration  are 
reached  which  is  due  to  activity  of  the  adrenal  medulla. 

The  bearing  of  these  facts  on  the  cause  of  toxic  symptoms  is  dis¬ 
cussed. 
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THE  INFLUENCE  OF  11-DEHYDRO-17-HYDROXY- 
CORTICOSTERONE  (COMPOUND  E)  ON  THE 
GROWTH  OF  A  MALIGNANT  TUMOR 
IN  THE  MOUSE! 
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ROCHESTER,  MINNESOTA 

It  has  been  shown  that  ll-dehydro-17-hydroxycorticosterone 
(compound  E)  will  bring  about  loss  of  weight  of  young  rats  and 
atrophy  of  the  thymus,  adrenal  glands  and  lymph  nodes  of  adult  rats 
(Ingle,  Higgins  and  Kendall,  1938;  Ingle  and  Mason,  1938;  and  Wells 
and  Kendall  1940).  The  atrophy  of  the  lymph  nodes  was  suggestive 
that  a  regressive  effect  on  certain  types  of  tumor  might  be  brought 
about  by  compound  E.  Recently  one  of  us  observed  a  rapidly  growing 
tumor  of  spontaneous  origin  in  the  thoracic  cavity  of  a  mouse.  A 
suspension  of  the  tumor  cells  was  injected  into  normal  mice  of  the 
same  inbred  strain  and  it  was  found  that  the  tumor  could  be  implanted 
in  practically  100  per  cent  of  mice  which  received  the  injection.  Within 
ten  to  fourteen  days  after  the  tumor  cells  were  implanted  subcutane¬ 
ously  the  tumor  was  visible  and,  from  that  time,  growth  was  very 
rapid.  Within  ten  days  after  its  appearance  the  tumor  sometimes 
weighed  6  to  8  gm.  Rupture,  with  consequent  infection  of  the  large 
tumors,  or  generalized  metastasis,  commonly  caused  death  of  an 
animal  fourteen  to  eighteen  days  after  appearance  of  the  tumor.  In 
no  case  has  the  tumor  been  known  to  regress  spontaneously.  When 
examined  in  histologic  section  the  tumor  is  .composed  of  undif¬ 
ferentiated  cells  and  it  is  not  possible  to  determine  the  origin  of  the 
tumor  from  its  histologic  appearance.  Because  the  rapid  growth  of  this 
tumor  tissue  in  the  mouse  offers  many  advantages  for  such  a  study,  it 
was  decided  to  investigate  the  influence  of  comppund  E  on  the 
growth  of  this  tumor. 

A  suspension  of  the  cells  of  the  tumor  was  injected  under  the  skin 
of  the  back  of  fourteen  young  adult  mice.  The  following  day  seven 
of  the  mice  were  picked  at  random  and  were  placed  in  cages  provided 
with  drinking  water  which  contained  compound  E  in  the  concentra- 

*  This  manuscript  was  received  by  the  Editor  June  1,  1942.  It  was  withheld  from 
publication  at  the  request  of  the  authors  until  April  21,  1944  (Editor’s  Note). 
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tion  of  0.05  mg.  in  each  cubic  centimeter.  The  mice  received  in  this 
manner  an  average  of  0.3  mg.  of  compound  E  each  day.  Tumors  de¬ 
veloped  within  fifteen  days  in  all  seven  of  the  mice  that  did  not  re¬ 
ceive  compound  E.  Tumors  did  not  develop  in  any  of  the  seven  mice 
that  received  compound  E  during  an  interval  of  twenty-three  days 
while  this  compound  was  administered  in  the  drinking  water. 

Compound  E  caused  a  slight  loss  of  weight  of  all  seven  mice  that 
received  this  compound  in  the  drinking  water  but  they  ate  well  and 
were  vigorous  and  normal  in  every  way.  When  compound  E  was  with¬ 
held  growth  was  resumed. 

The  tumors  of  the  seven  mice  not  provided  with  compound  E  grew 
rapidly  and,  when  one  of  these  tumors  had  reached  a  size  equivalent 
to  about  a  third  the  total  weight  of  the  mouse,  2  mg.  of  compound  E 
suspended  in  physiologic  solution'll  sodium  chloride  was  injected 
subcutaneously.  During  the  following  three  days  the  weight  of  the 
mouse  decreased  from  22  gm.  to  16  gm.  and  the  tumor  regressed  to  a  i 
small  fraction  of  its  original  size.  One  milligram  more  of  compound  E 
was  given  and,  twenty-four  hours  later,  the  tumor  had  been  complete¬ 
ly  absorbed. 

A  group  of  six  mice  received  injection  of  tumor  cells  and,  after  the 
tumors  had  become  visible,  the  mice  tvere  given  drinking  wrater,  each 
cubic  centimeter  of  which  contained  0.05  mg.  of  compound  E.  This 
group  of  mice  did  not  drink  as  much  water  as  the  previous  group  of 
seven  mice  but  the  tumors  of  four  of  the  mice  regressed  and  were  no 
longer  palpable  after  nineteen  days.  The  tumor  of  one  mouse  grew 
slowly  and  growth  of  the  tumor  of  another  was  inhibited  but  little. 
Subsequently  the  mice  which  had  these  two  resistant  tumors  were 
treated  as  will  be  described. 

Eleven  mice  with  large  tumors  were  treated  with  subcutaneous 
injections  of  1  to  2  mg.  of  compound  E  and,  in  each  case,  the  tumors 
were  absorbed,  but  with  varying  degrees  of  rapidity.  From  this  varia¬ 
bility  it  appeared  that  sex  had  some  influence  on  the  results.  The 
tumors  of  all  female  and  of  young  male  mice  that  had  been  given 
compound  E  were  promptly  and  completely  absorbed.  Only  the 
tumors  of  adult  male  mice  failed  to  be  absorbed  if  compound  E  was 
administered.  In  further  experiments  on  the  influence  of  sex,  two  male 
mice  tvith  large  and  rapidly  growing  tumors  were  castrated.  This 
operation  did  not  affect  the  rapid  growth  of  the  tumors.  Two  days 
after  castration  2  mg.  of  compound  E  were  injected  into  each  of  the 
two  mice  and  the  same  amount  was  given  the  following  day.  The 
tumors  of  both  mice  were  completely  absorbed  by  the  fourth  day  after 
the  injection.  Three  male  mice  were  treated  with  2  mg.  of  compound  E 
together  with  0.1  mg.  of  estradiol  propionate  on  each  of  two  successive 
days.  The  tumors  of  each  of  these  three  mice  w'ere  resolved  within 
forty-eight  hours.  The  influence  of  testosterone  has  not  been  in¬ 
vestigated  as  yet  but  this  w  ork  is  contemplated. 
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Among  normal  experimental  animals  the  most  striking  effect  fol¬ 
lowing  administration  of  compound  E  is  manifest  when  the  amount  of 
available  insulin  is  reduced  to  a  minimum  and  when  the  animal  is 
forced  to  live  by  endogenous  metabolism  alone.  Evans  (1936)  first 
showed  that  removal  of  the  adrenal  glands  prevented  the  usual  gluco- 
neogenesis  and  catabolism  of  protein  produced  by  phlorhizin  in  a 
fasting  rat  but,  with  the  commercial  extracts  of  the  adrenal  cortex 
then  available,  he  was  unable  to  show  that  the  normal  rate  of  catabo¬ 
lism  of  protein  could  be  restored.  Since  the  work  of  Evans,  Long  and 
his  associates  (1940)  have  shown  that  compouds  A,  B  and  E  accelerate 
gluconeogenesis  in  partially  depancreatized  rats,  and  Wells  and 
Kendall  (1940)  have  shown  that  in  adrenalectomized  rats  treated  with 
phlorhizin,  compound  E  will  produce  rapid  catabolism  of  protein  and 
gluconeogenesis. 

These  experiments  of  Wells  and  Kendall  (1940)  which  were  de¬ 
signed  to  show  the  influence  of  compound  E  on  metabolic  processes, 
afford  an  explanation  of  the  regression  of  the  tumor  tissue.  It  is 
possible  that  the  rapid  catabolism  induced  by  compound  E  surpasses 
the  capacity  of  the  tumor  cells  to  respond  within  safe  physiologic 
limits,  with  the  result  that  these  cells  are  destroyed. 

For  twenty-one  days  the  tumors  of  the  two  mice  previously  men¬ 
tioned  regressed  but  little  after  administration  of  compound  E,  under 
conditions  in  which  growth  of  tumor  tissue  of  all  other  mice  was 
stopped  and  in  which  the  tumors  ultimately  were  destroyed.  It  was, 
therefore,  decided  to  treat  these  two  mice  with  phlorhizin  and  com¬ 
pound  E.  The  tumors  of  these  mice  did  not  regress  when  4  mg.  of 
compound  E  was  administered  on  two  successive  days,  nor  were  they 
changed  when  estradiol  propionate  and  compound  E  were  adminis¬ 
tered  together  on  the  two  following  days.  These  two  tumors  definitely 
regressed  but  failed  to  disappear  when  compound  E  and  phlorhizin 
were  administered.  Both  are  males. 

In  1914,  Benedict  and  Lewis  gave  phlorhizin  and  a  diet  as  free  as 
possible  of  carbohydrate  to  forty  rats  which  had  sarcoma.  The  pur¬ 
pose  of  the  experiment  was  to  lower  the  concentration  of  glucose 
available  and  thus  to  destroy  the  tumor  tissue.  Beneficial  effect  was 
stated  to  be  most  marked  on  the  rats  which  had  small  tumors.  In  our 
investigation,  a  female  mouse  which  had  a  large  tumor  was  treated 
with  10  mg.  of  phlorhizin  on  two  successive  days  and  with  15  mg.  on 
the  third  day  but  there  was  no  effect  on  the  rapid  growth  of  the  tumor. 
Two  milligrams  of  compound  E,  together  with  10  mg.  of  phlorhizin 
was  administered  on  two  successive  days:  all  but  a  trace  of  the  tumor 
was  absorbed  wdthin  three  days.  Compound  E  and  phlorhizin  have 
been  injected  into  eight  mice.  The  tumors  of  all  have  been  completely 
absorbed. 

In  a  group  of  four  mice  with  implanted  tumors  administration  of 
the  minimal  amounts  of  compound  E  which  were  employed  was 
stopped  as  soon  as  the  tumors  were  no  longer  palpable.  The  tumors  of 
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all  of  these  mice  reappeared  after  an  interval  of  some  days,  and  again 
grew  at  their  previous  vigorous  rate.  Subsequently  treatment  with 
larger  amounts  of  compound  E  and  phlorhizin  or  with  compound 
E  acetyl  was  inaugurated  and  was  continued  for  at  least  forty-eight 
hours.  All  of  these  tumors  regressed  markedly. 

The  seven  mice  described  in  the  first  experiment  cited,  in  which 
tumor  cells  were  implanted  and  compound  E  was  administered  in  the 
drinking  water,  remained  free  of  tumor  for  thirty-six  days  after  im¬ 
plantation,  even  though,  during  the  last  thirteen  days,  compound  E 
was  not  administered.  At  the  end  of  this  time,  however,  small  tumors 
developed  in  four  of  the  seven  mice.  Whether  the  tumor  cells  were 
successfully  implanted  in  the  three  remaining  mice  is  not  known  and 
whether  tumors  will  develop  at  some  future  time  cannot  be  foretold. 

The  recurrence  of  some  of  the  tumors  when  treatment  with  com¬ 
pound  E  is  stopped  and  the  rapid  resorption  of  the  tumor  for  a 
second  time  when  treatment  is  resumed,  seems  to  indicate  a  specific 
influence  of  compound  E.  What  measures  will  be  required  to  prevent 
recurrence  of  a  tumor  after  absorption  remain  to  be  determined. 

In  this  experiment  60  mice  have  been  used.  The  work  has  been 
carried  out  with  a  single  t3q)e  of  tumor  and  a  single  strain  of  mice  over 
a  period  of  six  weeks.  Although  we  believe  that  these  preliminary 
results  should  be  recorded  we  do  not  imply  that  they  can  be  extended 
otherwise  in  experiment  or  in  therapeutics. 

SUMMARY 

When  compound  E  was  administered,  implantation  of  a  strain  of 
highly  malignant  tumor  cells  into  young  mice  did  not  result  in  growth 
of  tumors  and  rapid  regression  of  well-developed  tumors  took  place. 
Tumors  which  had  developed  in  female  mice  regressed  more  quickly 
than  tumors  of  male  mice.  In  female  mice  the  tumors  disappeared; 
disappearance  of  tumors  of  all  adult  male  mice  has  not  yet  been  ob¬ 
served.  Castration  of  male  mice  or  treatment  with  estradiol  propio¬ 
nate  appeared  to  increase  the  effect  of  compound  E  and,  if  compound  E 
was  given  together  with  phlorhizin,  the  effect  of  compound  E  was 
enhanced.  The  influence  of  compound  E  appeared  to  depend  on  stimu¬ 
lation  of  the  rate  of  the  catabolism  of  proteins  to  a  degree  which 
resulted  in  death  of  the  malignant  cells.  The  normal  tissue  cells  of  the 
animal,  although  they  might  be  placed  under  severe  strain,  did  not 
appear  to  undergo  permanent  injury.  The  degrees  of  regression  of  this 
single  type  of  tumor  after  treatment  varied  widely;  this  may  be  ex¬ 
plained  by  variations  among  the  host  animals. 

The  investigation  will  be  continued  with  this  and  other  types  of 
tumors  and  with  other  species  of  animals. 

Additional  Note,  April  21,  1944 

During  the  two  years  since  this  paper  was  written  the  experimental 
results  have  been  repeated,  confirmed  and  extended.  Publication  of 
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the  work  has  been  withheld,  at  our  request,  for  four  reasons:  (1)  It 
seemed  desirable  to  study  in  detail  the  nature  of  the  refractory  state 
which  developed  when  the  tumors  recurred.  (2)  Publication  of  the 
results  would  necessarily  create  hopes  for  a  prompt  enlargement  of 
the  scope  of  the  investigation  to  certain  forms  of  malignancy  in 
clinical  medicine  for  which  answers  could  not  be  given.  (3)  Further 
histologic  studies  of  the  tumor  used  in  these  experiments  suggests  that 
it  is  a  lymphosarcoma.  It  seemed  desirable  to  investigate  whether 
other  types  of  tumors,  especially  carcinomas,  were  influenced  by  the 
hormone.  (4)  The  amount  of  ll-dehydro-17-hydroxycorticosterone 
available  was  so  limited  that  extension  of  the  investigation  even  to 
larger  experimental  animals  was  impossible.  Also  confirmation  of  the 
work  by  other  laboratories  could  not  be  undertaken  until  a  satis¬ 
factory  source  of  the  material  became  available. 

Although  dramatic  and  apparently  complete  cures  are  produced, 
they  are  only  temporary  in  a  majority  of  the  animals.  After  an  inter¬ 
val  of  a  few  days  or  weeks  l3ie  tumors  usually  recur  and  this  time  they 
are  completely  refractory.  The  administration  of  Compound  E  pro¬ 
duces  a  retardation  of  growth  of  these  completely  refractory  tumors 
but  in  every  case  the  tumor  has  eventually  caused  the  death  of  the 
animal.  At  the  present  time  the  results  indicate  that  the  refractory 
state  is  inherent  in  the  tumor  cell  and  does  not  depend  on  the  host.  No 
means  are  known  by  which  a  tumor  cell  which  has  acquired  resistance 
can  be  influenced  by  the  hormone.  The  definite  statement  can  be  made 
that  our  present  knowledge  does  not  furnish  grounds  for  a  successful 
extension  of  the  results  in  the  field  of  therapeutics.  As  described  in 
this  paper,  the  marked  effects  of  the  cortical  hormone  were  limited 
to  one  tumor  of  the  lymphatic  system.  We  now  know  that  these  effects 
are  exerted  also  on  another  tumor  of  the  lymphatic  system.  The  re¬ 
cent  reports  by  Murphy  and  Sturm  (1943;  1944)  also  indicate  a 
hormonal  control  of  the  lymphoid  system  which  is  exerted  by  the 
adrenal  cortex.  Although  1  l-dehydro-17-hydroxycorticosterone  is  not 
yet  available  through  synthetic  means,  recent  progress  toward  that 
objective  has  been  made. 
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NOTES  AND  COMMENTS 


METABOLISM  OF  THE  STEROID  HORMONES.  THE  EXCRETION 
OF  ESTROGENIC  MATERIAL  BY  OVARIECTOMIZED 
MICE  BEARING  ADRENAL  TUMORS* 

In  a  previous  communication,  one  of  us  (W.  U.  G.)  described  the 
tumors  of  the  adrenal  cortex  in  13  of  15  ovariectomized  mice  of  the 
early  generations  of  the  NH  strain.  These  adrenal  tumors  were  as¬ 
sociated  with  evidences  of  estrogenic  stimulation  as  determined  by 
the  condition  of  the  uteri,  pelves,  and  mammary  glands  (Gardner, 
1941).  In  this  report,  we  are  able  to  provide  additional  evidence  for 
the  production  of  estrogenic  substances  in  animals  bearing  adrenal 
tumors. 

The  urine  and  feces  of  10  mice  which  had  been  ovariectomized 
more  than  600  days  were  collected  for  periods  of  time  ranging  from 
1  to  119  days  (Table  1).  The  adrenal  tumors  or  hyperplasias  and  the 
state  of  development  of  the  accessory  genital  tissues  of  6  of  the  10  mice 
(No.  2,  3,  14,  23,  24,  25)  have  been  described  previously  (Gardner, 

Table  1.  Collection  of  urine  and  feces  from  adrenal 

TUMOR  BEARING  OVARIECTOMIZED  MICE 


Mouse 

Number 

Age 

Castrated 

Days 

Age  at 
Death 
Days 

Adrenal 

Tumors 

Number 

Feces 

Collection 

Days 

Urine 

Collection 

Days 

2 

43 

669 

2 

1 

40 

3 

43 

691 

1 

— 

35 

5 

43 

740 

2 

45 

84 

13 

65 

767 

2-marked 

hyperplasia 

49 

88 

14 

65 

694 

2 

— 

15 

20 

65 

773 

1  tumor 

1  hyperplasia 

60 

99 

21 

65 

792 

1 

79 

119 

23 

60 

724 

2 

12 

51 

24 

60 

726  • 

1 

14 

53 

25 

60 

719 

2 

7 

46 

1941).  The  other  4  mice  also  had  enlarged  adrenal  glands  which 
showed  either  nodular  hyperplasias  or  tumorous  areas.  The  total  urine 
collected  during  630  days  was  extracted  with  benzene  by  the  method 
previously  described  (Fish  and  Dorfman,  1942).  The  total  feces  col¬ 
lected,  amounting  to  267  days  of  collection,  were  suspended  in  water. 

Received  for  publication  April  12,  1944. 

^  This  investigation  was  supported  in  part  by  grants  from  The  Jane  Coffin  Childs 
Memorial  Fund  for  Medical  Research  and  The  Anna  Fuller  Fund. 
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acidified  with  hydrochloric  acid  and  extracted  with  benzene  in  a  man¬ 
ner  similar  to  that  employed  for  the  urine  extractions.  The  estrogenic 
assays  were  done  on  the  phenolic  fraction  of  the  urine  and  feces  by 
means  of  the  vaginal  response  of  ovariectomized  mice.  Each  assay 
was  run  on  15  to  20  mice  in  parallel  with  and  compared  to  standard 
solutions  of  estrone. 

Urines  and  feces  also  were  collected  from  11  intact  female  mice  of 
the  NH  strain  approximately  2  years  of  age.  The  urine  was  collected 


Table  2.  Estrogenic  substances  in  the  urine  and  feces  of  ovariec¬ 
tomized  MICE  BEARING  ADRENAL  TUMORS  AND  NORMAL  FEMALES 


Type  of  Mice 

Excretion 

Total 

Collection 

(Days) 

Total 

Estrogenic 

Material 

(i-u.) 

Estrogenic 

Material 

per  day  ! 

(i.u.)  ' 

Ovariectomized 

Urine 

630 

120 

0.19 

Adrenal  Tumors 

Feces 

267 

28 

0.10 

Normal 

Urine 

625 

20 

0.03 

Females 

Feces 

491 

20 

0.04 

for  a  total  of  625  days,  while  the  feces  represented  a  total  of  491  days 
collection.  These  control  urines  and  feces  were  extracted  and  the 
urinary  extracts  assayed  for  estrogenic  material  in  a  manner  similar 
to  that  employed  for  the  urines  and  feces  from  the  tumor  bearing 
mice. 

A  total  of  120  International  Units  (i.u.)  of  estrogenic  material 
was  found  in  the  urine  collected  from  the  tumor  bearing  mice  over  a 
period  of  630  days  while  the  feces  of  these  animals  contained  28  i.u. 
during  a  period  of  267  days  of  collection  (Table  2).  These  adrenal- 
tumor  bearing  mice  excreted  0.19  i.u.  of  estrogenic  material  per  day. 
The  normal  females  excreted  0.03  i.u.  per  day  in  the  urine  while  the 
feces  contained  0.04  i.u.  per  day,  making  a  total  of  0.07  i.u.  Thus  the 
tumor  bearing  mice  excreted  about  4  times  as  much  estrogenic  ma¬ 
terial  as  the  intact  normal  females. 

The  urinary  concentration  of  estrogenic  substances  in  the  intact 
female  mice  of  the  NH  strain  agreed  rather  well  with  the  values  for 
females  of  the  C3H  and  Cst  strains.  Nathanson  (private  communica¬ 
tion)  has  found  a  urinary  value  of  from  0.03  i.u.  to  0.06  i.u.  per  day 
for  animals  of  the  CjH  and  Cst  strains.  Aub,  Karnowsky  and  Towme 
(1941)  reported  average  daily  excretions  of  estrogen  of  0.05  to  0.10 
I.u.  per  day  in  virgin  or  multiparous  mice  of  the  CsH  and  Csi  strains. 

In  addition  to  the  morphological  and  histological  evidence  previ¬ 
ously  presented  for  the  production  or  increased  production  of  estro¬ 
genic  material  by  ovariectomized  mice  bearing  spontaneous  adrenal 
tumors,  direct  biochemical  evidence  has  been  added  by  the  studies  of 
the  urinary  and  fecal  excretion  of  estrogens. 
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SUMMARY 

The  concentration  of  urinary  and  fecal  estrogens  was  studied  in 
10  ovariectomized  mice  of  the  NH  strain  bearing  spontaneous  adrenal 
tumors  and  compared  to  the  estrogen  excretion  of  11  intact  females 
of  the  same  strain.  The  tumor  bearing  ovariectomized  mice  excreted 
about  4  times  as  much  estrogenic  material  as  the  intact  normal  fe¬ 
males. 
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The  Mask  of  Myxedema 


The  facies  of  myxedema  have  been 
described  as  “mask-like”.  This  descrip¬ 
tion  is  appropriate  since  the  facial 
features  have  the  appearance  of  being 
rigid  and  immobile.  Normal  expression 
may  be  restored  in  most  instances  by 
adequate  thyroid  therapy.  The  change 
is  almost  as  miraculous  as  though  a 
mask  were  lifted. 

\\'hen  oral  thyroid  administration 
was  in  its  infancy,  THE  ARMOUR 
LABORATORIES  were  leaders  in  the 
preparation  and  standardization  of 
medicinal  thyroid.  They  were  first  to 
recognize  the  seasonal  and  regional 
variation  in  the  natural  iodine  store 
of  animal  thyroid  glands. 

They  instituted  methods  of  assaying 
and  blending  the  glands  to  fixed  stand¬ 
ards  .  .  .  (and  a  method  of  choosing 
the  select  animal  glands  by  geographic 
areas  where  a  relatively  stable  pro¬ 
portion  exists  between  thyroxin  and 
other  iodine  compounds). 

Today,  Thyroid  is  employed  not 
merely  for  severe  thyroid  inadequacy 
but  in  the  milder,  subclinical  thyroid 
deficiencies.  Also  as  a  drug  for  its 
calorigenic,  diuretic  or  diaphoretic 
action.  The  name  “ARMOUR  ”  is  a 
symbol  of  quality  in  thyroid  medication, 
i  Have  confidence  in  the  preparation 
k  you  prescribe.  Specify  “ARMOUR”. 
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Chicago,  Illinois 
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